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Introduction
Ion-atom collisions is a class of physical phenomena in which radiation can be
emitted when an energetic charged ion impinges on a neutral atomic system.
During ion-atom collisions, the excitation and/or the ionization of bound elec-
trons of the collision partners can occur and also electrons can be transferred
from one collision partner to the other. Although the basic processes have been
studied in great detail during the last decades in diﬀerent collision systems,
there are still many aspects which are not fully understood and deserves further
investigations. Of a considerable interest are still the many-electron processes
in atomic collisions. These eﬀects are produced by a signiﬁcant mutual interac-
tion of two electrons whose theoretical description requires an extension of the
independent-electron model. The understanding of these phenomena requires
an understanding of the many-body problem encountered in atomic collisions.
Many-electron processes have been studied, both experimentally and theoret-
ically, mainly for non-relativistic systems [1, 2]. Most previous experiments
have focused on two-electron processes in helium [3, 4, 5, 6], since this is the
simplest system containing more than one electron [7]. Total cross sections
of multiple processes for a two-electron system in collisions with neutral tar-
gets at low velocities have been studied. These studies include measurements
of capture-ionization [8, 9], capture-excitation [10], double capture [11] and
double excitation [12].
The availability of heavy highly-charged ions in a large energy domain open
new possibilities for multiple processes investigations in few-electron ions, be-
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yond the helium atoms. One of such opportunity is the study of the simultane-
ous ionization and excitation in helium like heavy ions in single collisions with
neutral target atoms. The virtue of investigating the process of simultaneous
excitation and ionization is that one electron ends up in the continuum, while
the other electron ends up in a hydrogen like ﬁnal state which simpliﬁes the
theoretical treatment of the phenomena.
Experimentally, the identiﬁcation of excitation-ionization events are greatly
facilitated in the case of He-like ions where electron capture cannot lead to
ground state x-ray emission due to the initially occupied K-shell. It is im-
portant to mention here, that in the experiments using solid targets [13], a
measurement of two-electron processes is more diﬃcult due to the high prob-
abilities of excitation and ionization occurring in two successive collisions. In
contrast, for gas targets with typical area density of 1012 particles/cm2 the
probability for a two-step excitation and ionization process is negligible. The
cross section of the simultaneous ionization and excitation process can be de-
termined directly from the Lyα radiation measured in coincidence with the
projectile having lost one electron.
Radiative transitions in high-Z heavy ions play a key role in understanding
the eﬀects of strong Coulomb ﬁelds on the electronic structure of atoms and
ions. At high-Z the transition rates and energies are strongly aﬀected by
relativistic corrections and quantum electrodynamics eﬀects (QED) show up
in a clear way [14]. One of the most prominent examples is the Lyα transition
in hydrogen like ions. In the case of transition rates, relativistic eﬀects are
manifested by the strongly enhanced importance of magnetic transitions; the
2s1/2 decay in high-Z one-electron ions is almost entirely governed by M1
transitions quite in contrast to the dominant 2E1 decay at lower Z [15]. For
heavy He-like ions the two ground state transition, the Kα1 and Kα2 lines are
possible. Each line comprises two components; the Kα1 line is composed by the
ground state transitions from 1P1 (E1) and 3P2 (M2) states and the Kα2 line
by the ones from 3S1(M1) and 3P1(E1) states. Also the continuous spectrum
from 2E1 decay of the 1S0 level may be slightly blended by contributions from
E1M1 decay of the 3P0 state [16, 17]. To be able to account for the magnetic
interaction one should consider the coherent sum of the magnetic and the5
electric amplitudes of the interaction potential, namely, the Li´ enard-Wiechert
potential [18].
For two-electron high-Z ions, the formation of excited states via Coulomb
excitation can be studied by the observation of the radiative decay of the
excited levels to the ground state. With increasing nuclear charge, the electron-
electron correlation eﬀects are small with respect to the Coulomb interaction
between the electrons and the charge of the nucleus. Hence, for high-Z He-like
ions the excitation cross sections should be almost unaﬀected by the presence
of the second electron.
For He-like uranium the energy diﬀerence between the two-components of
the Kα1 line, the 1P1 and 3P2 states, is around 64 eV . Up to now, this energy
could not be resolved experimentally due to the limited energy resolution of
the germanium detectors.
Within the last years, a new generation of experiments measuring the transi-
tions in few-electrons high-Z ions have been performed at the GSI Helmholtzzen-
trum f¨ ur Schwerionenforschung GmbH in Darmstadt. In these experiments
[19, 20], the excited ionic states are produced by means of radiative capture of
a free electron by heavy ions. In the electron cooler at Experimental Storage
Ring (ESR), an ion can recombine with a free electron by one of two basic
interaction processes: the radiative recombination RR (see chapter 2), and
dielectric recombination DR [21, 22, 23, 24]. Under certain conditions, the
cross section for radiative electron capture (REC) can be much larger than the
cross section for nonradiative capture NRC (see Chapter 2). Theoretically, the
electron capture in relativistic projectiles has been explained by Anholt and
Eichler [18, 25, 26, 27, 28].
Examples include the REC into the 2p3/2 state of initially bare and 1P1,
3P2 states of initially H-like uranium ions as well as their subsequent Lyα1
(2p3/2 → 1s1/2) and Kα1 (1P1, 3P2 → 1S0) radiative decays. A rather surprising
theoretical result of these studies is the qualitatively diﬀerent angular behavior
of the x-ray emission from the ﬁnally H-like as opposed to He-like ions: while
the Lyα1 radiation exhibited a strong angular dependence, the Kα1 decay gives
rise to an almost isotropic emission pattern [29]. Theoretically the behavior of
the Kα1 radiation was explained by Surzhykov et al. [30].6 Chapter1: Introduction
The present work concentrates on three major tasks. First, the identiﬁca-
tion of two-electron processes in relativistic heavy ions collisions by measuring
the Lyα lines of the initially He-like projectile. Second, the formation of the
magnetic sublevels by Coulomb excitation as well as by electron capture. The
information can be obtained from the study of the angular distribution of
Lyα1 and Kα1 associated with these processes. Third, a particular attention
has been paid to the study of the angular distribution of K-REC photons
close to zero degrees which contains information about the contribution of the
so called ’spin-ﬂip’ of the captured electron.
For this, measurements of 220 MeV/u U90+ → Xe and U91+ → N2 were
performed and analyzed. This study provides a complement to the existing
experimental data for the domain of strong Coulomb ﬁelds and for energies
where relativistic eﬀects play an important role.
This thesis is organized as follows: the theoretical aspects of the simul-
taneous excitation-ionization and the electron capture in few-electron high-Z
projectiles are discussed in Chapter 2. The basic concepts of the REC and
NRC are discussed by introducing the cross sections for each process. Also a
summary of the theory of photon angular distributions in terms of alignment
parameters is given at the end of this chapter. In Chapter 3 the experimental
details are discussed. It describes the interaction chamber, the gas-jet target
and the characteristic features of the x-ray and particle detectors used in the
experiment. A short description of the electronics and data acquisition system
is also given in this chapter. In Chapter 4 details of the data analysis are
discussed. Chapter 5 focuses on the calculated cross sections and the ob-
served angular distribution compared to the relativistic calculations based on
the perturbation theory and the single electron model. The performed mea-
surements and the obtained results , with an outlook on further experiments,
are summarized in Chapter 6. In Chapter 7, a summary of the present work
in German language is given.Chapter 2
Theoretical Background
2.1 The theoretical treatment of the atomic
systems in relativistic collisions
Generally, atomic collisions studies focus on the electrons behavior during
the collision while the nuclei mainly serve as sources of the time-varying
electromagnetic ﬁelds. If many-electron atoms are involved in the collision,
the dynamics become very complicated. To avoid complications arising from
many-body eﬀects, the existing theoretical treatments mainly concentrate on
a three-body ion-atom collision system, comprising a projectile nucleus, a tar-
get nucleus, and an electron. For example, for processes involving inner-shell
electrons, the one-electron model is a good approximation. In principle, all
particles involved, electrons and nuclei, must be described theoretically by
quantum mechanics. For systems where the projectile charge is much larger
than the target charge, ZP ≫ ZT, undergoing fast collisions, The approach,
called the ”semiclassical approximation” (SCA) or ”impact parameter picture”
can be used. For a fast collision and for collision distances comparable with,
or larger than the atomic K-shell radius, the transient perturbation of the
target atom by the projectile is small enough that the ﬁrst-order time depen-
dent perturbation theory is expected to be a good approximation, even for
high-Z projectile. This approximation imply an important simpliﬁcation for
heavy-ion collisions with an energy exceeding a few MeV/u .
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While the electrons interaction with the radiation ﬁeld can be treated only
by perturbation theory, their interaction with the atomic ﬁeld can, in principle,
be handled exactly. For that, exact solutions of the Dirac wave equation 2.1
are required. The Dirac equation is given by [31]:
(c− → α .− → p +
− →
β mec
2 + V (− → r ))ψ(− → r ) = Eψ(− → r ); (2.1)
where ψ is the wave function of a particle of mass m which is in the Coulomb
potential V , − → p is the linear momentum of the electron, − → α and
− →
β are the 4×4
Dirac matrices. This equation successfully formulated the relativistic equation
for an electron moving in a Coulomb ﬁeld, which automatically guaranteed the
spin and magnetic moment of the electron.
2.2 Projectile Excitation and Ionization at Rel-
ativistic Energies
The theoretical description of excitation and ionization in helium like systems
relies on two assumptions. First, the process is described within the framework
of the independent particle approximation (IPA), in which the electrons are
assumed to move independently of each other in the average ﬁeld generated
by the nucleus and the other electrons. Therefore in this approximation, the
processes of the excitation and ionization are not correlated. Second, the single
electron processes are described in the assumptions of the classical trajectory
model of the inter-nuclear motion.
For a classical description of atomic collisions, it is useful to introduce the
concept of the impact parameter. It is assumed that, during the collision, the
particle follows a classical trajectory with an incoming and an outgoing branch
(see ﬁgure 2.1). The asymptote to the incoming branch is parallel to the beam
direction while the asymptote to the outgoing branch deﬁnes the deﬂection
angle θ with respect to the incoming beam direction. The distance from the
scattering center to the projectile is denoted as the impact parameter b, where
the bold notations denote vectorial quantities.2.2: Projectile Excitation and Ionization at Relativistic Energies 9
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Figure 2.1: The classical trajectory of a particle in the laboratory system, deﬁned by the
impact parameter b and the scattering angle θ.
2.2.1 Excitation and Ionization Probability
For the calculation of the transition probabilities and of the cross section for ex-
citation of high-Z projectile ions, at relativistic velocities, a complete Li´ enard-
Wiechert interaction potential must be considered [28].
Li´ enard-Wiechert potential
Assuming the impact parameter picture, the projectile moves with constant
velocity v at an impact parameter b along a classical straight-line trajectory
(see ﬁgure 2.2) which, in the laboratory system, is given by:
R = b + vt. (2.2)
When deﬁning the coordinate systems, it is convenient to place the target
nucleus at the origin of the laboratory system with the x and z axes taken in
the directions of b and v, respectively. The projectile nucleus is located at
the origin of the moving emitter system with the coordinates (x′,y′,z′). The
electron e− has the coordinate r with respect to the target frame and r’ with
respect to the projectile frame.10 Chapter2: Theoretical Background
r
r’
e
-
Z
P
Z
T
x·
z·
z
x
b
R
vt
Figure 2.2: The coordinate systems, laboratory and emitter frames, for a collision between
two atoms: the target and ZT the projectile ZP [28].
In the projectile frame, the electrostatic potentials (scalar and vector) cre-
ated by the projectile charge ZP  e can be described by the following equations:
Φ
′(r
′,t
′) =
ZP   e
r′ (2.3)
A(r
′,t
′) = 0. (2.4)
From ﬁgure 2.2, the electron-projectile distance as seen in the projectile
system, (r′) can be expressed as:
r
′ =
p
(x − b)2 + y2 + γ2(z − vt)2. (2.5)
By using the Lorentz transformation, the Li´ enard-Wiechert potential pro-
duced by the projectile in the target frame are:2.2: Projectile Excitation and Ionization at Relativistic Energies 11
Φ(r,t) =
γZP   e
p
(x − b)2 + y2 + γ2(z − vt)2 (2.6)
and
A(r,t) =
v
c
Φ(r,t). (2.7)
From the basic equations of electrodynamics the electric ﬁeld E is expressed
in terms of the potentials A and Φ(r,t) as [32]:
E = −
1
c
∂A
∂t
− ∇Φ. (2.8)
In particular, the electric ﬁeld produced by the charge ZP  e at the position
of the target nucleus is directed radially from the projectile’s position to the
observation point at the target nucleus. Writing b = Rsinθ and vt = Rcosθ,
one can obtain [18]:
E =
−ZP.eR
γ2R3(1 − β2sin2θ)3/2. (2.9)
The angular dependence of the electric ﬁeld strength is illustrated in ﬁgure
2.3 for various projectile velocities in terms of the Lorentz factor γ. Along
the direction of motion, the ﬁeld strength is decreased by a factor of γ−2
as compared to a charge at rest. On the other hand, perpendicular to the
trajectory, the ﬁeld is increased by a factor of γ. The ﬂattening of the surface
into disk shapes is an eﬀect of the Lorentz contraction of the electromagnetic
ﬁelds.
First-order perturbation theory
The ﬁrst-order time-dependent perturbation theory is expected to be a good
approximation if the transient perturbation of the target atom by the projectile
is small. This condition is valid only for a fast collision and if the impact
parameter is comparable with the atomic K-shell radius [28].
To calculate the cross section between any pair of speciﬁed initial and ﬁnal
states, i and f, the impact parameter dependent transition probability can be
expressed in terms of the transition amplitude Afi12 Chapter2: Theoretical Background
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Figure 2.3: Polar diagrams for the angular dependence of the electric ﬁeld strength pro-
duced by a point charge moving with the velocity v to the right.
Pfi(b) = |Afi|
2 (2.10)
The transition amplitude for excitation of a projectile electron can be writ-
ten as [18]:
Afi(b) = iγZPe
2
Z
dte
i(Ef−Ei)t
Z
d
3rψ
†
f(r)
1 − βˆ αz
r′ ψi(r), (2.11)
where γ = (1 − β2)−1/2, β = v/c, and ˆ αz is the Dirac matrix in the z
direction. The electron-projectile distance measured in the projectile system,
r′, is given by equation 2.5. Ei, ψi and Ef, ψf are the initial and ﬁnal energies
and wave-functions of the electron, respectively.
For the description of the initial and ﬁnal states of the projectile electron,
the relativistic hydrogen like wave-functions are used. The bound-state wave-
functions can be written in the form:
ψ(r) =
 
gκ(r).χκµ(Ω)
ifκ(r).χ−κµ(Ω)
!
, (2.12)2.2: Projectile Excitation and Ionization at Relativistic Energies 13
where gκ(r) and fκ(r) are real radial functions, whereas the χκµ(Ω) are
the normalized spin-angular functions [18]. The Dirac angular momentum
quantum number κ = ±(j + 1/2) is a nonzero integer which can be positive
or negative and   is the magnetic quantum number. In equation 2.11, the
last integral represents the transition matrix element Mfi(b,t) which can be
expressed by the bracket notation for the space integral as
Mfi(b,t) =  f|
1 − βαz
r′ |i . (2.13)
For the description of the impact parameter dependent ionization, a semi-
classical approximation (SCA) originally developed by Bang and Hansteen
[33, 34] is adopted. In the SCA, the ionization probability P ion(b) is determined
within ﬁrst order perturbation theory. Based on the SCA, Trautmann and
R¨ osel developed a model to calculate the ionization cross section [35]. The
model neglects the magnetic part of the full interaction potential, and assumes
non-relativistic collision kinematics. However, exact Dirac wave functions are
used.
The magnetic contribution to the total ionization amplitude arises if one
considers a relativistic collision where the perturbing spherically-symmetrical
Coulomb potential is Lorentz transformed to the laboratory frame of the ion-
ized atom. This transformation leads to the extension of the potential in the
transverse direction and shrinkage in the longitudinal direction (see ﬁgure 2.3),
yielding the Li´ enard -Wiechert potential [28]. Within this picture, the mag-
netic part of the interaction amplitude is added incoherently. This correction
leads to an increase of the total ionization cross sections with increasing β
values. It should be noted, that the model proposed by Anholt et al. [36],
where electric and magnetic contributions are added incoherently, generally
yields a fairly good agreement with the existing experimental cross section
data [25, 37], with one interesting exception at ultra-relativistic energies [38].14 Chapter2: Theoretical Background
2.2.2 The Simultaneous Excitation and Ionization pro-
cess
The consequence of the independent particle approximation is that, the many-
body problem can be reduced to a single-electron problem. In this approach
the probability for a simultaneous ionization and excitation of the ground state
electrons into the ﬁnal nlj state of the projectile, P
ion−exc
nlj , can be expressed
as an uncorrelated product of single-electron probabilities:
P
ion−exc
nlj (b) ≈ P
ion(b)P
exc
nlj (b) (2.14)
Here, P ion(b) is the single-electron ionization probability for collision with
an impact parameter b and P exc
nlj is the single-electron excitation probability
into the state characterized by quantum numbers nlj.
The total cross section for the process of ionization and excitation into the
nlj-state of the projectile is then given by:
σ
ion−exc
nlj =
Z ∞
0
2πbP
ion−exc
nlj (b)db. (2.15)
Using the equations 2.14 and 2.15, the cross section for the simultaneous
ionization and excitation processes can be derived.
2.2.3 Calculated Probabilities in the Independent Par-
ticle Model
The curves representing calculated probabilities of individual single-electron
processes for 220 MeV/u U91+ projectile are shown in ﬁgure 2.4a. In the case
of excitation, only probabilities for the population of the 2s1/2, 2p1/2, and 2p3/2
states summed over the ﬁnal magnetic sub-states are presented. The probabil-
ity for K-shell ionization of U91+ calculated within SCA approximation is also
shown. One can observe that the excitation probability into the 2s1/2 state
reaches its maximum at much smaller impact parameters than that for the
2p states. The main reason for this behavior is due to the relativistic radial
contraction of s orbital occurring for high-Z ions. According to the equation
2.14, the reduced probabilities for the simultaneous excitation and ionization2.2: Projectile Excitation and Ionization at Relativistic Energies 15
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Figure 2.4: Calculated probabilities for excitation and ionization in hydrogen like uranium
ions and excitation-ionization processes helium like uranium ions, plotted versus collision
impact parameter [39]. For further explanation see the text.16 Chapter2: Theoretical Background
process in He-like uranium ions are plotted in ﬁgure 2.4b. Due to its multi-
plicative nature, the impact parameter dependence of excitation plus ionization
exhibits a prominent suppression of probabilities at large impact parameters
as compared to the single-electron processes. Hence, the cross sections for the
simultaneous excitation plus ionization can be regarded as equivalent to the
impact parameter diﬀerential measurement in the sense, that they probe the in-
dividual single-electron processes at small impact parameter b. The calculated
cross section ratios
σexc(Lyα1)
σexc(Lyα2) are considerably diﬀerent for single excitation and
excitation accompanied by K-shell ionization, and are equal to 0.84 and 0.42
[39], respectively.
2.3 Electron Capture Studies
2.3.1 Radiative recombination (RR)
Another basic process in atomic collision physics is the charge transfer between
the collision partners (target and projectile). The simplest transfer mechanism
is the radiative recombination RR, in which a free electron is directly captured
by the projectile, denoted by X
Q+
P , and the excess energy and momentum are
carried away by a photon:
X
Q+
P + e
− → X
(Q−1)+
P + ~ω (2.16)
for electron capture into the ground state, and
X
Q+
P + e
− → [X
(Q−1)+]
∗ + ~ω (2.17)
for electron capture into excited states.
After the capture into an excited state there will be further radiative transi-
tions within the ion until the electron has reached the lowest accessible energy
level. Energy conservation requires that
~ω = EKIN + |Eb|, (2.18)
where EKIN is the kinetic energy of a free electron captured into a bound
atomic state n with binding energy Eb and ~ω is the energy of simultaneous2.3: Electron Capture Studies 17
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Figure 2.5: Radiative recombination can be viewed as time-reversed photoionization: an
electron is captured into a bound state of the ion with simultaneous emission of a photon.
emitted photon. The process is the time reversal of photoionization in which
a photon with an energy ~ω hits the projectile atom and ejects an electron
[18](see ﬁgure 2.5).
By the principle of detailed balance [40], the diﬀerential cross section of RR
is related to the photoelectric eﬀect and can be written as [41]:
d2σRR(E′,θ′)
dE′dΩ′ = (2Jn + 1)
(γ − 1 + Eb/mec2)2
γ2 − 1
d2σph(E′,θ′)
dE′dΩ′ . (2.19)
Since RR takes place in a moving frame, the primed quantities (energy and
angles) should be distinguished from the unprimed laboratory quantities. The
multiplying factor (2Jn + 1) takes into account all bound states n.18 Chapter2: Theoretical Background
2.3.2 Radiative versus non-radiative electron capture
In the case that the captured electron was previously bound in an atom, the
transferred electron can be considered as ”quasi-free”. Therefore, the electrons
are captured from the bound states of the target into the bound state of the
projectile.
For the collisions of highly-charged ions with light target atoms, capture of
quasi-free electron target atoms can be divided in two main groups of mech-
anisms: the radiative electron capture REC, and the non-radiative electron
capture NRC.
REC can be described as a recombination process within the impulse ap-
proximation, taking into account the momentum distribution of the electrons
in the target atom. The impulse approximation can be applied as long as:
vT
v
=
s
ET
b
EKIN
≪ 1 (2.20)
where vT is the orbital velocity of the target electron, v is the velocity of the
electron, ET
b the electron binding energy in the target and EKIN the kinetic
energy of electron.
If an electron is captured directly from the target to the K-shell of the
projectile by a simultaneous emission of photon, this process is called ”K-REC”
and the capture into L-shell is called ”L-REC”. The schematic representation
of the processes is shown in ﬁgure 2.6.
In relativistic form, the energy of the emitted photon is given by:
~ωREC = mec
2(γ − 1) + Ef − γEi + βγc− → pi, (2.21)
where mec2(γ − 1) = EKIN refers to the kinetic energy of the electron, Ei
and Ef are the initial and ﬁnal binding energy of the electron in the target and
projectile, respectively. The last term represents the momentum distribution
of the target electrons (Compton proﬁle) which deﬁnes the characteristic width
of the energy distribution of the REC photons [41].
In the non-radiative electron capture NRC, the energy diﬀerence between
the initial bound state of the electron in the target and the ﬁnal bound state2.3: Electron Capture Studies 19
in the projectile is converted into kinetic energy of the collision partners, for
which:
Ef ≈ TK + Ei. (2.22)
In the non-relativistic collision domain, the electron transfer process is en-
tirely governed by nonradiative electron capture (NRC). From the historically
ﬁrst theory for NRC, the Oppenheimer-Brinkman-Kramers approach (OBK)
[42], it is known that this process has a dramatic velocity dependence which
approaches v−12 or E−6. Also, its cross section follows a strong dependence on
the projectile and target atomic charge numbers (ZP and ZT):
σNRC ∝
Z5
TZ5
P
v12 . (2.23)
This rapid decrease of the cross section at high energies is mainly caused by
the requirement that a given momentum component in the initial electronic
wave-functions has to ﬁnd its counterpart in the ﬁnal momentum wave-function
displaced by the momentum mev of an electron traveling with the speed of the
projectile [28].
Although, in the ultra-relativistic limit the correct asymptotic energy de-
pendence of σNRC is given by E−1, this process practically plays no role at
relativistic encounters (β > 0.5) of heavy highly-charged ions with low-Z tar-
get atoms.
Contrary, at highly energetic collisions, electron transfer is entirely domi-
nated by REC, where the coupling between the electron and the electromag-
netic ﬁeld of the moving ion results in an electron capture via simultaneous
emission of a photon carrying away the energy and momentum diﬀerence be-
tween the initial and ﬁnal electron states. The general scaling properties of
REC can be derived from the nonrelativistic dipole approximation of Stobbe
(see section 2.3.3) and is given by:
σREC ∝
ZTZ5
P
v5/2 . (2.24)
The interplay between both capture processes, REC and NRC, is depicted
in ﬁgure 2.7a, where the measured electron capture cross-sections for U92+ ions20 Chapter2: Theoretical Background
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Figure 2.6: Schematic representation of the REC and NRC processes. The electron is
captured from a bound state of the target atom into the K-shell of the projectile with the
emission of a K-REC photon (A), or no photon emission (C). The electron capture into the
L-shell is followed by the decay in the ground state resulting in a photon emission of energy
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on a N2 collisions are given [43]. The experimental data are compared with a
theoretical estimation (full line) based on the eikonal approximation [27] for
NRC (dashed line), while REC was taken into account by using the nonrel-
ativistic dipole approximation [44]. As seen in the ﬁgure 2.7a, an excellent
agreement between the experimental results and the theoretical calculations
can be stated. It can be seen from ﬁgure 2.7b, that for low-Z target atoms
and high projectile energy (300 MeV/u), the REC cross section exceeds the
cross section for NRC. In this case, the electrons loosely bound in low-Z tar-
get atoms are more likely to be captured with photon emission than without.
From this point of view, the REC mechanism deserves particular attention.
In order to describe the important relativistic eﬀects that appear in the
case of collisions in high-Z systems, an exact theoretical treatment is required.
Usually the photoionization deals with many electron systems, which are com-
plicated to be described theoretically. On the Contrary, REC can be studied
on simple and clean atomic systems, i.e, capture into bare ions. The theoreti-
cal analysis of the decay dynamics of excited states and the x-ray production
is useful in the understanding of the population mechanisms in the case of
H-like relativistic heavy ions in collision with light gaseous targets. The case
of H-like uranium ions colliding with N2 target will be discussed in detail in
section 2.4. Emphasize has been put particularly on the formation of the 3P0
and 3P2 levels by using electron capture into hydrogen like uranium ions.
Both the total and the angle-diﬀerential REC cross sections can be deduced
from the equations for the RR (see eqn. 2.19). This cross section has to be
multiplied by the number of quasi-free target electrons by using the impulse
approximation (see eqn. 2.20). However, it should be stressed that the RR
angular distribution of the photons in the laboratory system can be considered
valid only partially for the REC process. The binding of the electrons in the
target will introduce a deviation from the sin2θ-distribution at small forward
and backward angles. Therefore, the deviation from the symmetric sin2θ-
distribution provide a direct study of the relativistic corrections imposed by
the presence of the high nuclear charge. A non-zero cross section at forward and
backward angles seems to be the unique signature of spin-ﬂip contributions.
In the following, the theoretical models are presented.22 Chapter2: Theoretical Background
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Figure 2.7: (a) The total electron capture cross section dependence on projectile energy
for bare uranium ions on N2 [43]. (b) The total electron capture cross section dependence
on target nuclear charge ZT for bare uranium ions at 300 MeV/u colliding with gaseous
targets N2 and Ar (solid squares) and with solid targets Be and C (solid circles) [27, 43].
The dashed line represents the eikonal approach [27] for the NRC process. The dotted line
shows the prediction obtained for REC within the dipole approximation. The solid line
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2.3.3 Non-relativistic dipole approximations versus ex-
act relativistic treatment of REC capture
By considering the assumptions of ~ω ≪ mec2 and αZP ≪ 1, where α is
the ﬁne-structure constant, it is justiﬁed to adopt the non-relativistic dipole
approximation for calculating the cross section for the photoelectric eﬀect or
for radiative recombination. Within this framework, the general result for
radiative recombination into the 1s state is given by the Stobbe formula:
σ
Stobbe
RR = 9.165 × 10
−21(
ν3
1 + ν2)
2  
e−4ν arctan(1/ν)
1 − e−2πν cm
2, (2.25)
where ν = e2ZP/~v is the Sommerfeld parameter. The Stobbe cross section
proves to be quite useful to estimate REC into the K-shell up to projectile
energies of a few hundred MeV/u, corresponding to electron kinetic energies
(γ − 1)mec2well below the electron rest energy.
Within Stobbe’s non-relativistic dipole approximation, the diﬀerential cross
section is given by:
dσStobbe
RR
dΩ
= σ
Stobbe
RR
3
8π
sin
2θ, (2.26)
where θ denotes the angle between the directions of incoming electron and
the emitted photon in the laboratory system.
A relativistic theory for REC has been developed in the recent years [45,
46, 47, 48]. The exact relativistic diﬀerential photoelectric cross section was
calculated for the projectile in the emitter system. From this calculation the
corresponding diﬀerential cross section for the RR process was derived by the
principle of detailed balance. From equation 2.19, one obtains
dσRR(θ′)
dΩ′ ∝
sin2θ′
(1 + βcosθ′)4, (2.27)
where the maximum of the cross section distribution is shifted towards
backward angles. Finally, one has to transform all primed quantities into the
laboratory system (unprimed quantities) by applying Lorentz transformations
(see ﬁgure 2.8):
cosθ
′ =
cosθ − β
1 − βcosθ
(2.28)24 Chapter2: Theoretical Background
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Figure 2.8: Schematic illustration of the photon angular distribution for REC in the
projectile and laboratory frame.
As a result of this transformation, the desired diﬀerential cross section for
the REC becomes
dσREC(θ)
dΩ
=
1
γ2(1 − βcosθ)2
dσREC(θ′)
dΩ′ . (2.29)
In ﬁgure 2.9, the calculated diﬀerential K-REC cross section for bare ura-
nium ions at an incident energy of 220 MeV/u is presented. The result of the
fully relativistic calculation (see full line) is compared with the non-relativistic
angular distribution given by equation 2.26. According to the relativistic de-
scription, the diﬀerential cross section for K-REC shows a pronounced devia-
tion from the symmetry around 900, the maximum of the distribution being
markedly shifted into the forward direction. As discussed in detail by Ichihara
[49], this behavior is essentially associated with the occurrence of magnetic
(spin-ﬂip) transitions which are not considered by a non-relativistic theory.
The term ”spin-ﬂip” means that the spin projection of the captured electron
in the ﬁnal state is opposite to the spin projection of the initially free elec-
tron, both projections being deﬁned with respect to the electron’s direction
of motion. The exact theoretical angular distribution as function of the pro-2.3: Electron Capture Studies 25
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Figure 2.9: Angle-diﬀerential REC cross sections for electron capture into the K-shell of
uranium ions at 220 MeV/u. The solid line refers to complete relativistic calculations and
shaded area to the spin-ﬂip contributions. The dashed line represents the non-relativistic
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jectile energy and nuclear charge number has been presented in detail in Ref.
[41]. At small values of ZP, the angular distribution is practically a pure
sin2θ-distribution at all energies considered.
2.4 Alignment of the excited ion states popu-
lated via REC
After the radiative electron capture REC into excited states of heavy ions, a
radiative transition to the ground state will also occur. By REC in the excited
projectile states, one has the possibility to study the population mechanism
on the magnetic subshells in few-electron highly charged ions (see ﬁgure2.10).
An electron could be captured to the 1s state of the uranium ion via an L-shell
intermediate state. In the case of the hydrogen like uranium ions the process
can proceed through the following steps:
21P1 → 11S0
23P2 → 11S0
U+91 + e− → 23P1 → 11S0
23P0 → 11S0
21S0 → 11S0
(2.30)
In the single-electron case, the 2p3/2 state decays to 1s1/2 mainly by the E1
transition. In the two-electron case, the system of 2p3/2 and 1s1/2 electrons
forms 2P1,2 states which provides the Kα1 transition. While the system of 2p1/2
and 1s1/2 electrons forms 2P0,1 states providing the Kα2 line.
Information on the population of magnetic sub-states can be obtained by the
study of angular distributions of the emitted photons. The angular distribution
of the photons in the emitter frame is related to the alignment parameter by
[49, 50]
W(θ) = A0 + A2P2(cosθ
′) ∝ 1 + β20(1 −
3
2
sin
2θ
′), (2.31)
where θ′ is the angle between the direction of the de-excitation photon and
the beam direction while P2(cosθ′) denotes the second-order Legendre polyno-
mial. The well known expression 2.31 takes into account only the dominant2.4: Alignment of the excited ion states populated via REC 27
Figure 2.10: Level diagram for H- and He-like U. Multipolarities for the most probable
decay modes are indicated by solid arrows, weaker decay modes are shown as dashed arrows.28 Chapter2: Theoretical Background
electric dipole (E1) term whereas the weaker magnetic quadrupole decay (M2)
is neglected. As seen from equation 2.31, the angular distribution is deter-
mined by the so-called anisotropy coeﬃcient β20 = αA20, while the coeﬃcient
α depends only on the total angular momenta of the initial and ﬁnal ionic
states, respectively. For the case of the 2p3/2 → 1s1/2 transition, α = 1/2 [50].
The population of magnetic sublevels is likely to deviate from a statistical
distribution. In such cases the levels are aligned, thereby the pairs of atomic
sublevels with the same magnetic quantum number (but with opposite signs)
will be necessary equally populated. Here, it is assumed that neither the ions
nor the the target atoms are polarized in ion-atom collisions. Consequently,
the state of the ion is axially symmetric about z. This restricts the anisotropy
parameters Akκ (κ = −k + ... + k) of the state to Ak0, where k can take only
even values 2, 4,..., 2J-1. It follows that only states with J ≥ 3/2 are aligned.
The alignment of an atomic level is commonly described in terms of one or
several parameters Akκ which are related to the the population cross sections
σ( n) of the various sublevels  n. For example, for J = 3/2 the alignment
parameter can be expressed as [50, 51]:
A20 =
σ(3
2,±3
2) − σ(3
2,±1
2)
σ(3
2,±3
2) + σ(3
2,±1
2)
, (2.32)
where σ(2p3/2, n) describes the the population of substate  n of the 2p3/2
level.
For the 2p3/2 → 1s1/2 transition, after transformation to the laboratory
frame, the diﬀerential Lyα1 cross section has the general form [52]
dσLyα1(θ)
dΩlab
∝
1
γ2(1 − βcosθ)2[1 + β20(1 −
3
2
sin2θ
γ2(1 − βcosθ)2)]. (2.33)
Note that due to the Lorentz transformation to the laboratory system, the
maximum of the distribution is located at a forward angle of cosθlab = β. The
equation 2.33 proves that the Lyα1 is strongly an anisotropy radiation.
For helium like uranium ions (see ﬁgure 2.10) as produced by the radia-
tive electron capture of initially hydrogen like ions, most recent studies have
paid attention to study the angular distributions of Kα1 which has two compo-2.4: Alignment of the excited ion states populated via REC 29
nents 1P1 and 3P2 states [20]. From equation 2.31, one can obtain the angular
distributions of the Jf = 1 → J0 = 0:
WE1(θ) ∝ (1 +
1
√
2
A20(αfJf = 1)P2(cosϑ)), (2.34)
and (Jf = 2) → (J0 = 0) transition:
WM2(θ) ∝ (1 −
r
5
14
A20(αfJf = 2)P2(cosϑ)). (2.35)
The knowledge of the many-electron alignment parameters is required for
studying of the angular distribution. Theoretically, this study has been done
by Surzhykov and Fritzsche [53]. By using the independent particle model
IPM [54], the alignment parameters could be expressed in terms of the H-like
alignment parameter A20(2p3/2):
A20(Jf = 1) =
1
√
2
A20(2p3/2), (2.36)
and
A20(Jf = 2) =
r
7
10
A20(2p3/2). (2.37)
The results of the theoretical calculations of the alignment parameters for
2p3/2 state of hydrogen like and the 1P1, 3P2 states of helium like ions are
presented in Ref. [55].
Figure 2.11 represents the shape of the angular distributions of the Kα1 de-
cay, indicating an almost isotropic behavior. Recently, it has been found that
such an isotropy results from the mutual cancelation of the angular distri-
butions of the strongly anisotropic (electric dipole and magnetic quadrupole)
transitions, both of which contribute to the Kα1 radiation [48, 56].30 Chapter2: Theoretical Background
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Figure 2.11: The angular distribution of the Kα1 decay in (a) the laboratory and (b) the
emitter systems, for initially H-like uranium ions at 220 MeV/u. Additionally, the angular
distributions for the electric and magnetic components of the decay are displayed [55].Chapter 3
The Experiment
The measurements presented in this work have been carried out using the
internal gas-jet target of the experimental storage ring ESR at GSI. The x-ray
emitted during the collision of 220 MeV/u U90+ ions with Xe atoms were
detected at diﬀerent observation angles in coincidence with up- and down-
charged projectile ions, U91+ and U90+.
In the following, the production of highly-charged ion beams at the GSI
facility, the ESR, the target environment, the detection system and the data
acquisition procedure will be discussed.
3.1 The production of highly-charged heavy
ions
The production of highly-charged ion beams is a diﬃcult task, requiring suc-
cessive ion-atom collisions at a center-of-mass energy greater than the binding
energy of the electrons to be removed. For the case of uranium, the heaviest
stable atom, the K-shell binding energy amounts to 130 keV . Thus, in order
to remove the K-shell electron, at least this energy must be transferred in the
collision. This can be accomplished with a relativistic heavy-ion beam hitting
a stationary target.
At the GSI accelerator facility, the ion beams of all stable elements across
the periodic table, up to uranium, are delivered to the the UNIversal Linear
ACcelerator (UNILAC) by three diﬀerent injectors equipped with three dif-
3132 Chapter3: The Experiment
Figure 3.1: Layout of the accelerator facility and experimental areas at GSI.3.1: The production of highly-charged heavy ions 33
ferent ion sources: the standard injector with a Penning ion source, the high
current injector with a MEVVA ion source [57, 58], and the high-charge state
injector. For details about ion sources available at GSI see [59, 60]. The layout
of the accelerator facility and experimental areas at GSI are displayed in ﬁgure
3.1.
For the production of the H- and He-like uranium ions used in the exper-
iment described in this work, the whole GSI accelerator chain was used. For
that, Low-charge uranium ions (U4+) delivered by the ion sources are ﬁrst pre-
accelerated in the UNILAC which consists of three main parts: the 36 MHz
high-current RFQ/IH-injector, a N2 gas stripper where uranium ions with
maximum charge state 28+ can be produced at the energy of 1.4 MeV/u and
ﬁnally, a 108 MHz radio frequency (RF) accelerator which accelerates the
ion beam up to 11.4 MeV/u. After passing through a foil-stripper, ions with
charge state 73+ are selected and injected into the SIS. The ions either are shot
into the SIS over one single revolution (single-turn injection), or over several
revolutions (multi-turn injection). In the SIS, the ions are accelerated to the
higher beam energies required for the experiments. The maximum magnetic
rigidity of the SIS is 18 Tm and thus, the maximum energy that can be reached
is limited to 2.1 GeV/u for light ions and 1 GeV/u for heavy ions.
Accelerated ions are subsequently extracted from the SIS and guided to-
wards the ESR, the Fragment Separator (FRS), the diﬀerent experimental
areas or towards the heavy ion Cancer therapy dedicated area. The extraction
from the SIS can be done in a pulsed mode (short extraction, τ ∼ 1   s ) or in
a semi-continuous mode (long extraction, τ ∼ 10 s). To achieve the highest
possible charge state (bare ions) an additional stripper foil, placed behind the
SIS, is used.
In the ESR, highly-charged ions used for atomic physics experiments can
be manipulated (decelerated and/or cooled) and stored for quite long times
(see section 3.2.1). After being stored in the ESR, the beam can eventually
be re-injected from the ESR into the SIS for further acceleration or extracted
to a ﬁxed target area for experiments (HITRAP and Cave A).34 Chapter3: The Experiment
3.2 The Experimental Storage Ring ESR
The geometry of the ESR is arranged as a doubly mirror symmetric stretched
hexagon with a design circumference of 108 m, half the circumference of the
SIS. It consists of six bending magnets and two long (10 m), straight sections
which are provided for electron cooling and in-ring experiments around the
internal gas-jet target apparatus. The beam focusing is performed by twenty
quadrupole magnets arranged in four triplets and four doublets along the ring.
Figure 3.2 shows a schematic drawing of the ESR and its major components:
the electron cooler device, the internal gas-jet target, the radio frequency cavi-
ties (rf-cavities) and the interaction chamber. The maximum magnetic rigidity
of Bρ = 10 Tm makes the ESR capable to accept fully stripped uranium ions
at a maximum ion energy of 550 MeV/u.
For experiments using highly-charged heavy ions the vacuum in the ESR
must be at the level of 10−11 mbar. The vacuum quality strongly inﬂuences
the life time of the ion beam in the ring.
3.2.1 The Electron Cooler in the ESR
Depending on the beam energy, two cooling techniques are available: stochastic
cooling, for high energies and electron cooling for ions with energies below
400 MeV/u.
Electron cooling is based on the Coulomb interaction of the circulating ions
with the electrons in the 2.5 m long electron cooler straight section [61]; it is
a method for shrinking the size of the divergence and the energy spread of the
stored charged-particle beams without signiﬁcantly removing particles from
the beam. The electrons are continuously produced in an electron gun with
a heated cathode. They are accelerated electrostatically to a velocity equal
to the average ion velocity, and are inﬂected into the straight section where
both beams overlap a certain length. At the end of this section, the electrons
are separated again from the ion beam. In order to conserve the electron
beam diameter of ≈ 50 mm a variable longitudinal solenoidal magnetic guiding
ﬁeld of ≈ 0.1 T is also applied in the electron cooler [61, 62]. A schematic
representation of the electron cooler in the ESR is represented in the ﬁgure 3.33.2: The Experimental Storage Ring ESR 35
Figure 3.2: Layout of the Experimental Storage Ring (ESR) at GSI. The positions of the
e-cooler and the internal jet-target are marked.36 Chapter3: The Experiment
Figure 3.3: Layout of the electron cooler device used at the storage ring ESR.
and the major ESR parameters are listed in the table 3.1.
The ion beam heat is transferred to the electrons through the Coulomb
interaction and consequently the ion motion is reduced. The distribution of the
ion velocities become narrower in all three space dimension, which implies that
the temperature of the ion beam will be decreased. The operation with high
electron currents is less desirable in most experiments with highly-charged ions
because the beam life time τ drops signiﬁcantly with increasing the electron
current: τ ∝ 1/Icooler. Therefore, a high cooling eﬃciency by operation of
the electron cooler at low electron currents is desired in order to reduce ion
beam losses [63]. For cooling of stored beams, electron currents of typically
100 mA to 300 mA are used [64]. For example, the estimated lifetime of bare
uranium ions of 20 MeV/u is about 10 sec (see the table 3.2).
After the cooling, the relative momentum spread of the injected ion beam
is reduced from ∆p/p ≈ 10−3 to about 10−5. A spectrum of an uncooled ion
beam in comparison with a cooled one is presented in ﬁgure 3.4. The cooling
technique leads to an emittance of the stored beam of less than 0.1 π mm mrad,
and to small beam sizes with typical diameters of less than 5 mm. However,3.2: The Experimental Storage Ring ESR 37
Table 3.1: The major ESR parameters.
Ring circumference 108 m
Magnetic rigidity 0.5 - 10 Tm
Energy range 3.0 - 560 for U MeV/u
Cycle length 1.5 s to hours
Extraction fast:∼ 0.5 µs
slow: to some 10 s
Beam diameter 1-5 mm
Beam emittance 0.1 π mm.mrad
(with e-cooling)
Cooling time 0.2 (for U92+) s
Life time 100 (for U92+ at 20 MeV/u) sec.
Working pressure 10−11 mbar
Length of the cooling section 2.5 m
Table 3.2: Estimated life times for diﬀerent bare ions stored in the ESR.
Ion Species Beam Energy Life time Note Ref.
(MeV/u)
U92+ 100 6 min. with cooling [65]
U92+,Au79+ 20 − 30 10 − 30 s with cooling [66]
20 100 s without cooling [66]
200 − 400 few minutes with cooling [66]
Ni28+,Kr36+,Xe54+ 20 − 30 1000 s with cooling [66]
200 − 400 few hours with cooling [66]38 Chapter3: The Experiment
Figure 3.4: Schottky frequency spectrum for a circulating beam of U92+ ions at
295 MeV/u. The broad distribution refers to the non-cooled beam, measured directly
after injection into the ESR. The narrow distribution reﬂects the momentum proﬁle of a
continuously cooled ion beam.
both the ﬁnal emittance and relative momentum spread of the stored beam
depend on the number of stored ions and the applied cooler current.
The eﬀective number of stored particles per second available for experiments
averaged over a time cycle of one day, has been continuously improved since
1992, from about 103 particles/sec to 106 particles/sec today [41, 67, 68]. The
eﬀective number of stored particles at the ESR over the years, is displayed in
ﬁgure 3.5.
A further, unique feature of the ESR is the deceleration capability down to
4 MeV/u. This allows experimental investigations with few-electron, heavy
ions in a diﬀerent energy domain, far below the production energy of bare
ionic species. For this purpose, the electron cooler has to be switched oﬀ and
the beam must be rebunched and decelerated. At that ﬁnal stage of beam
handling, the electron cooler is again switched on. For the case of H- and
He-like uranium ions used in the present experiment, the energy was reduced
from 360 MeV/u to the required value of 220 MeV/u.3.2: The Experimental Storage Ring ESR 39
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Figure 3.5: The eﬀective number of stored particles per second available for experiments
in ESR. The average over a time cycle of 1 day is displayed [41].
3.2.2 The Internal Gas-Jet Target of the ESR
Another experimental device in the ESR is the internal gas-jet target, which
provides an important tool for a broad range of atomic as well as nuclear
physics experiments.
In the interaction chamber the stored ion beam crosses a perpendicular ori-
ented molecular or atomic gas-jet. The jet is produced by expanding the gas
in vacuum through a Laval nozzle of 0.1 mm in diameter. The setup consists
of an injection and a dump part, each separated by skimmers in four stages
of a diﬀerential pumping system. A schematic picture of the gas-jet with its
diﬀerent stages is shown in the ﬁgure 3.6. The ﬁrst stage of the injection part,
with nozzle and ﬁrst skimmer, is pumped by a system of roots pumps. The
remaining three stages of the injection part and the four stages of the gas-
jet dump are pumped by a diﬀerential pumping system of turbo-pumps. The
multi-stage pumping is needed to preserve the high level vacuum in the ring
(10−9 −10−11 mbar) and to produce a well deﬁned interaction region. To per-
form standard services without breaking the ESR vacuum, the injection part40 Chapter3: The Experiment
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Figure 3.6: Schematic representation of the ESR internal gas-jet target [69, 70].
and the gas-jet dump can be separated from the interaction chamber by the
use of two ultra-high vacuum (UHV) compatible valves. The installation of the
large pumping speed at the injection part made it necessary to choose a dis-
tance between the nozzle and the interaction point of approximately 500 mm.
For an interaction length of 5 mm, the geometric acceptance of the skimmer
system is ≈ 1 mrad [69, 70].
To operate the target with diﬀerent gas species at optimum performance,
the distance of the nozzle to the ﬁrst skimmer can be 3-dimensionally adjusted
via remote control. Typical distances between nozzle and the ﬁrst skimmer
are 30 mm for light gases and 60 mm for heavy gases. To optimize the overlap
between the ESR-ion beam and the target, the counting rate of photons orig-
inating from the interaction region, detected by a photomultiplier in the ring,
is maximized by shifting the position of the ion beam relative to the gas-jet.3.3: The Experimental setup 41
3.3 The Experimental setup
Figure 3.7 shows the basic principle of the charge exchange experiments at the
ESR gas-jet target. The primary beam of stored ions of charge state Q crosses
a perpendicular oriented atomic supersonic gas beam. The outgoing projectile
beam, comprising ions of diﬀerent charge states, is analyzed by the ﬁrst dipole
magnet downstream of the jet target zone. The radius r of the trajectory of
an ion moving in the magnetic ﬁeld B of the dipole magnet is related to its
charge state Q as:
r =
p
QB
(3.1)
where p is the momentum of the ion. This leads to the result
∆r
r
∝
∆Q
Q
, (3.2)
which implies that the trajectories for the charge exchanged projectiles,
(Q − 1) and (Q + 1) are slightly deﬂected from the initial ion trajectory and
several charge states can be detected by a position sensitive detector. Po-
sition sensitive multi-wire proportional counters (MWPC, see section 3.3.3),
mounted horizontally left and right relative to the central beam trajectory
allow to accurately determine the position of the up- and down-charged ions
with a detection eﬃciency close to 100% [71].
3.3.1 The Interaction Chamber
Surrounding the internal target area of the ESR, a special designed interaction
chamber, which allows to record x-rays emitted from the beam-target interac-
tion volume at diﬀerent observation angles, is installed. The accessible angles
are 4◦, 35◦, 60◦, 90◦, 120◦, and 150◦ with respect to the beam axis. A sketch of
the experimental arrangement at the present interaction chamber of the ESR
gas-jet is shown in the ﬁgure 3.8. The diﬀerent germanium detectors which can
be mounted at these observation angles are isolated from the ultra-high vac-
uum environment by 50  m stainless steel or 100  m thick Beryllium windows.
Except for the near 0◦ detector, each detector is equipped with a collimator of42 Chapter3: The Experiment
Figure 3.7: Principle of the charge exchange experiments at the internal jet target of
the ESR illustrated for the case of H-like ions primary beam. Up-charged (Q + 1) and
down-charged (Q − 1) ions are separated from the primary beam and detected by particle
detectors.3.3: The Experimental setup 43
Figure 3.8: Layout of the experimental arrangement at the ESR jet-target. Photon emis-
sion is observed in coincidence with the up- or down-charged ions, detected by a particle
counter placed behind the dipole magnets.
a narrow angular acceptance in order to reduce the Doppler broadening (see
chapter 4).
3.3.2 The X-ray Detectors
In the present experiment, for the photons detection, diﬀerent high-purity
germanium detectors have been used (see ﬁgure 3.9). A general presentation
of the detection principle of Ge-based detectors can be found in Reference [72].
A list of the used detectors and their main characteristics is given in the table
3.3. Having diﬀerent crystals, the energy resolution and the detection eﬃciency
is diﬀerent from one detector to the other. This is reﬂected in the quality of
the registered x-ray spectra. To get the best possible energy separation of
the lines of interest in the x-ray spectra, the Doppler broadening was reduced
by using collimators with diﬀerent solid angles. On the same time, the x-ray
detectors with the better energy resolution have been used for detection at
higher observation angles in order to compensate for the Doppler shift.
3.3.3 The particle detector
During the interaction with the target atoms, the projectile ions can undergo
charge exchange via ionization or capture. In the present experiment, ions with44 Chapter3: The Experiment
Figure 3.9: The Ge(i) detectors used in the experiment.
Table 3.3: Characteristics of the Germanium detectors used in the present experiment.
Detection Angle 0◦ 35◦ 60◦ 90◦ 120◦ 150◦
Producer Eurisys Canberra Eurisys Canberra Canberra Canberra
Bias Voltage (V) 1000 3500 3000 3000 3000 3500
Polarity positive negative negative negative negative negative
Crystal geometry 4 stripes circular circular circular circular circular
Crystal thickness (mm) 12.5 41 20.5 15 13 15
Crystal area (mm2) 1550 1520 2000 500 500 500
Be entrance window:
thickness (µm) 175 500 300 150 150 150
Energy resolution
at 60 keV (eV ) - 850 660 570 580 500
† Detection eﬃciency
at 60 keV (%) - 91 87 82 82 82
† for more details, see chapter 4.3.4: Signal Processing and Data Acquisition System 45
charge diﬀerence ∆Q = ±1 have been detected with two dedicated multi-wire
proportional counters (MWPC) placed on the internal, respective external side
of the ring, behind the analyzing dipole magnet (see ﬁgure 3.7).
Generally, the standard MWPCs consists of a set of thin, parallel and
equally spaced wires, symmetrically sandwiched between two cathode planes
[73]. The ﬁrst set of wire built is the anode and in the front layer is the cathode
of the detector. The read-out of the signal is done by the delay-line method.
The detection eﬃciency of the ions is better than 99 % and the spatial
resolution is about 1.9 mm. The particle detectors were specially designed
and built in the GSI detector laboratory. The detectors are mounted in a
stainless steel pocket and are separated from the ultra-high vacuum environ-
ment of the ESR by 25  m thick stainless steel window. Good description of
their construction and development is given in Reference [71] by Klepper and
Kozhuharov.
3.4 Signal Processing and Data Acquisition Sys-
tem
The detector signals are processed using standard NIM electronics. The pream-
pliﬁer output (Pre-Amp) from each germanium detector was sent to two am-
pliﬁers, an ”energy” ampliﬁer (Amp) and a ”timing” ampliﬁer (TF-Amp.).
The output of the energy ampliﬁers were routed to a peak-sensing analog-to-
digital converter (ADC). The outputs of the timing ampliﬁers were sent to
a discriminator (CF Discriminator) and then directed to the time-to-digital
converter TDC. For the particle detector, only the anode signal was used for
the hardware coincidence with the germanium detectors. A block diagram of
the electronics used in this work is shown in ﬁgure 3.10.
Data acquisition is based on the Multi-Branch System (MBS) developed at
GSI. The MBS runs under the operating system Lynx on a CAMAC processor
board CVC. The system works stand alone, it reads all data from the CAMAC
modules and writes them on a local tape drive or directed on the disk.4
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.Chapter 4
Data Analysis
In this chapter the details of the data analysis, which concentrates on the x-ray
spectra, are represented. The analysis of the stored data was performed using
the multi-parameter analysis software ”SATAN” [74] developed at GSI. The
ﬁtting software ”PeaKFit v4” was used to analyze the x-ray spectra.
The analysis of the recorded x-ray spectra for the ion-atom processes of
interest is based on the following steps:
• Doppler Correction.
• Detection eﬃciency correction.
• Peak ﬁtting procedure.
• Determination of the characteristic (Kα and Lyα) transition intensities.
In order to identify and disentangle the diﬀerent projectile radiation con-
tributions in the total spectra, the precise knowledge of the main transition
energies for the H- and He-like uranium ions is needed. The energies of the
Lyα and Kα transitions (see ﬁgure 2.10) have been calculated by Artemyev
et.al. [75] and are listed in the table 4.1.
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Table 4.1: Most probable characteristic transitions for U90+ and U91+.
Ion Transition Type Eemitter Transition Note
Probability
(keV) (s−1)
U91+ 2p 3
2 → 1s 1
2
Lyα1 102.17 3.95 × 1016 Electric dipole
2p 1
2 → 1s 1
2
Lyα2 97.61 4.73 × 1016 Electric dipole
2s 1
2 → 1s 1
2
M1 97.69 1.95 × 1014 Magnetic dipole
U90+ 2 1P1 → 1 1S0 Kα1 100.61 5.00 × 1016 Electric dipole
2 3P1 → 1 1S0 Kα2 96.17 2.99 × 1016 Electric dipole
2 3P2 → 1 1S0 M2 100.55 2.06 × 1014 Magnetic quadrupole
4.1 Doppler Corrections: The Doppler Shift
and the Doppler Broadening
The radiation emitted by ions moving with relativistic velocities is aﬀected by
the Doppler eﬀect which introduces a diﬀerence in the transition energies be-
tween the emitter and observer frames (Doppler Shift) and between transitions
observed at diﬀerent angles (Doppler Broadening). Therefore photon energies
measured in the laboratory system have to be corrected for the relativistic
Doppler shift using the relation [76]:
Eemitter = Elab   γ   (1 − β cosθlab) (4.1)
where Eemitter and Elab are the photon energies in the emitter and laboratory
systems, respectively, θlab denotes the laboratory observation angle (close to
0◦, 35◦, 60◦, 90◦, 120◦ and 150◦ in this work), β is the reduced velocity in units
of the speed of light and γ is the relativistic Lorentz factor (γ = 1 √
1−β2). The
corresponding values of Doppler corrected energies for the main transitions in
the present experimental study are listed in the table 4.2. In ﬁgure 4.1, the
ratio Elab/Eemitter is plotted as a function of observation angles for the beam
energy of 220 MeV/u.
Another relativistic eﬀect on the measured x-ray energy spectra is, as men-4.1: Doppler Corrections: The Doppler Shift and the Doppler Broadening 49
Table 4.2: Transition energies transformation from laboratory frame to the emitter frame.
Transition Eemit (keV ) Elab (keV )
35◦ 60◦ 90◦ 120◦ 150◦
Lyα1 102.17 159 117.5 82.7 64.4 55.2
Lyα2 97.61 152.3 112.3 79.1 61.5 52.7
K-REC 250 388 287.5 200 155 132.5
L-REC 149.4 233 171.8 121 94.1 80.6
tioned above, the increase in the line width ∆E due to the opening of the
observation angle ∆θ. However, the observed line width of the x-ray energy
is deﬁned not only by the Doppler broadening but also by the energy resolu-
tion of the detector. From the equation 4.1, the relation which describes the
Doppler width at observation angles between 0◦ and 180◦, can be written as a
function of the width of the observation angle ∆θ:
∆Elab =
Elab   β   sinθlab
1 − β   cosθlab
∆θlab, (4.2)
where ∆E is the energy broadening due to the width ∆θ in the observation
angle. This dependence is presented in ﬁgure 4.2 for two diﬀerent values of
∆θ. It can be observed that the reduction of the angular width reduces sig-
niﬁcant the broadening of the measured transition energies. The immediate
consequence of this observation is the use of diﬀerent collimators in front of
the detectors to improve the separation of the diﬀerent energies correspond-
ing to the diﬀerent transitions in the H-like uranium ion. For example, the
germanium detector located perpendicular to the beam direction (θ = 90◦),
having an area of 500 mm2 and placed 500 mm away from the target center has
an angular opening of ∆θ = 2.86◦ in the laboratory system, which indicates
a Doppler width (in keV ) equal to 0.029 ∗ Elab for the x-ray energy emitted
by the 220 MeV/u uranium ions. However, apart of this improvement, the
collimation of the detectors implies the reduction of the observation solid an-
gle by reducing the detector active area and therefore of the reduction of the
detection eﬃciency.50 Chapter4: Data Analysis
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Figure 4.1: Relativistic transformation of the transition energy from the emitter frame
moving with a reduced velocity of β ≈ 0.6 (220 MeV/u) in the laboratory frame as a function
of observation angle.
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Figure 4.2: Doppler broadening for the transition in H-like uranium ions as calculated
from the equation 4.2: (a) without collimator (∆θ = 3.50), and (b) with the collimator
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4.2 Detection Eﬃciency of the x-ray detec-
tors
The necessity of absolute measurements of x-rays yields by intrinsic germa-
nium detectors has created the demand for determining the absolute detection
eﬃciency. For the detectors used in the present experiment, two approaches
can be considered: the experimental evaluations or theoretical determination
by simulation of the experiment conditions. In the present work, the detection
eﬃciency for all detectors used was determined by a theoretical model orig-
inally introduced by Hansen et al. [77]. This model calculates the absolute
detection eﬃciency for semiconductors-based photon detectors (Si(Li), Ge(i)
and Ge(Li)) in the energy range 13 keV to 100 keV . A comparison with exper-
imental data made by the authors in the reference [77] shows that the results
obtained by using this model are in agreement with the measured values with
an accuracy of ∼ 3% for photon energy between 13 keV and 60 keV .
In order to theoretically estimate the absolute detection eﬃciency, a num-
ber of physical and geometrical parameters such as: source-detector distance,
semiconductor dead-layer thickness, the thickness of the gold contacts, the
sensitive detection area and collimation geometry are required and should be
carefully measured.
The procedure used for the determination of the detection eﬃciency, for the
intrinsic germanium detectors used in the present experiment, based on the
Hansen model, is presented in the following subsections.
4.2.1 Detection eﬃciency deﬁnition
The absolute detection eﬃciency, deﬁned as the ratio between the number of
recorded photons, Nγ, and the total number of photons emitted by the source,
Ns:
ǫabs =
Nγ
Ns
, (4.3)
is dependent not only on detector properties but also on the details of the
counting geometry.52 Chapter4: Data Analysis
The intrinsic eﬃciency is deﬁned as the ratio between the number of recorded
photons and the number of photons reaching the detector, Nd:
ǫI =
Nγ
Nd
. (4.4)
The intrinsic eﬃciency depends primarily on the detector material, the sen-
sitive detection area, and the radiation energy. The two eﬃciencies are simply
related by the formula:
ǫI = ǫabs  
∆Ω
4π
, (4.5)
where Ω is the solid angle of the detector seen from the actual source posi-
tion.
4.2.2 Physical description of the eﬃciency-energy rela-
tionship
According to the Hansen’s model [77], the absolute detection eﬃciency of a
semiconductor detector can be deﬁned as the product of the intrinsic eﬃciency
ǫI and several correction factors. For the case of the germanium detectors used
in the present experiment, the detection eﬃciency for photons of energy E can
be written as:
ǫ(E) = ǫI(E)   G(E)   fBe   fd   fe   fc (4.6)
where G(E) is the geometric factor correction, fBe and fd are transmission
factors through the detector beryllium window and frontal dead layer, respec-
tively. fe is the escape correction factor for the germanium x-ray leaving the
detection sensitive volume and fc accounts for the eﬀect of collimation.
Considering the absorption of the photons between the source and the de-
tector, the photons are attenuated in intensity as they pass through the matter.
This attenuation can be described as an exponential decay along the propaga-
tion distance [78]:
I(x) = I0   e
−σtotal ρ x (4.7)4.2: Detection Eﬃciency of the x-ray detectors 53
where I0 is the initial intensity incident on the absorber, σtotal is the total
cross section of the photon interaction with matter for a given energy, which
is a sum of the cross section of all processes (photoelectric eﬀect, Compton
scattering and pair production) [78, 79], ρ is the density of the matter and x
is the thickness of the absorber. From the equation 4.7, the correction factors
for the absorption in the diﬀerent layers (fBe,fd,fc,fe) can be calculated as:
f = e
−
P
µixi (4.8)
where  i is the total attenuation coeﬃcient of the ith element and xi is the
thickness of the ith absorber place between the source and the detector front
face.
For the energy range of interest in this work (13 keV −100 keV ), the main
contribution for the photon interaction cross section is given by the photoelec-
tric eﬀect. However, from the point of view of Hansen model used, this energy
range divides into two regions: (1) the low-energy range, where σph > 10σsc,
the upper limit being 60 keV for germanium and (2) high energy range, where
σph ≤ 10σsc. Here σph is the photoelectric cross section and σsc is the cross
section for the competing process, Compton scattering process.
In general, the attenuation coeﬃcient-energy relationship presented in the
ﬁgure 4.3 can be described as follows:
  = a   E
b (4.9)
where a and b are the coeﬃcients which can be determined. Equation 4.9
can be written as:
ln  = lna + blnE. (4.10)
In order to calculate the correction factors needed in this analysis, the ab-
sorption curves represented in ﬁgure 4.3 were ﬁtted and the two parameters a
and b were determined. The results are summarized in the table 4.3.54 Chapter4: Data Analysis
Table 4.3: Fit values for the parameters a and b describing the energy dependence of the
photon attenuation coeﬃcient (see equation 4.9).
Material lna lnb
Germanium 11.8612± 0.0711 −2.7162± 0.0188
Beryllium −0.9028± 0.0334 −0.2432± 0.0083
Lead 14.6010± 0.0160 −2.5770± 0.0046
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Figure 4.3: Total linear attenuation coeﬃcients plotted as a function of photon energy for
germanium, beryllium and lead [72].4.2: Detection Eﬃciency of the x-ray detectors 55
The intrinsic detection eﬃciency ǫI(E)
Generally, the intrinsic detection eﬃciency of the detector for photons, at low
energies and normal incidence, is given by:
ǫI = 1 − e
−µt D (4.11)
where  t is the total absorption coeﬃcient and D is the thickness of the
sensitive volume. The absorption coeﬃcient   is energy and material depen-
dent and accounts for diﬀerent photon absorption processes. Figure 4.3 shows
the energy dependence of   for diﬀerent materials (Ge, Be, Pb). In the case of
Ge, the attenuation coeﬃcient   for the energy range 13 keV ≤ E ≤ 100 keV
is given by the relation:
 t(E) = 75.41 ∗ 10
4E
−2.72cm
−1. (4.12)
Hence, the intrinsic detection eﬃciency for a detector with thickness D in
 m for x-rays with energy E in keV , can be written as:
ǫI = 1 − e
[−75.41∗D∗E−2.72]. (4.13)
For all germanium detectors used in the present work D ∼ 15 mm or larger
(see the table 3.3) and therefore the intrinsic eﬃciency ǫI is not signiﬁcantly
diﬀerent from unity for the energy range mentioned above.
The geometric factor G(E)
For a detector of radius r, thickness D and front face distance d from a point
source (see ﬁgure 4.4), the solid angle Ω can be given as [72, 80]:
Ω = 2π   (1 −
d
√
d2 + r2). (4.14)
Depending on the energy of the incoming photon, it will penetrate to dif-
ferent depths in the sensitive volume. In the case that the distance source-
detector, d, is larger than the crystal radius, r, the mean interaction depth
Z(E) can be written as:56 Chapter4: Data Analysis
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Figure 4.4: The source-detector geometry.
Z(E) =
R D
0 ze−µzdz
R D
0 e−µzdz
, (4.15)
where   is the mass attenuation coeﬃcient for germanium. From the equa-
tions 4.14 and 4.15, the fractional solid angle subtended by a point source at
distance d from the face of the detector of radius r is given by:
G(E) =
Ω
4π
=
1
2
(1 −
[d + Z(E)]
p
r2 + [d + Z(E)]2). (4.16)
Beryllium-window correction factor fBe
In a similar way as in the case of germanium, the attenuation coeﬃcient for
beryllium can be written as:
 Be(E) = 0.749 ∗ E
−0.243cm
−1. (4.17)4.2: Detection Eﬃciency of the x-ray detectors 57
Therefore, the transmission factor through the Be-window is
fBe = e
−µBexBe. (4.18)
With the beryllium thickness, xBe, measured in  m and the photon energy
E in keV , the equation can be written as:
fBe = e
−0.749∗10−4xBeE−0.243
. (4.19)
For germanium detectors used in this work (see the table 3.3), the thickness
of the beryllium window is around 150  m and the correction factor for the
energy range of the measured transition is 1% or less.
The dead layer correction factor fd
The dead layer correction factor accounts for the electron loss at the entrance
face of the germanium crystal. For a germanium dead layer of xGe ∼ 0.5
 m, fd = 0.965 for 13 keV photons. For all used detectors, the dead layer
correction factor was independently calculated.
The escape correction factor fe
During the photon interaction with the crystal, it is probable that some of
germanium characteristics x-rays will escape the sensitive area. In this par-
ticular case, the energy deposited in the detector is ∆E = Ephoton − Kα. The
fractional escape of the germanium K x-rays from the sensitive volume is given
by [77]:
fe = 1 −
ωK
2
(kα[1 +
 Kα
 t
ln(
 Kα
 Kα +  t
)] + kβ[1 +
 Kβ
 t
ln(
 Kβ
 Kβ +  t
)]), (4.20)
where  t is the total attenuation coeﬃcient for the incident photons; kα
and kβ = 1 − kα are the fractions of Ge K x-rays in the Kα and Kβ groups,58 Chapter4: Data Analysis
Table 4.4: The K-line energies and corresponding ﬂuorescence coeﬃcient for Ge.
Symbol Value Unit Ref.
Kα1 9.88 keV [81]
Kβ1 10.98 keV [81]
ωK 0.57 − [82]
kβ 0.15 − [83]
respectively;  Kα and  Kβ are the respective total attenuation coeﬃcients for
the K x-rays emitted by germanium and ωK is the K-shell ﬂuorescence yield
of germanium (see the table 4.4). For photon with energy of 30 keV (Kα-Xe)
and 100 keV (Kα-U) the escape factor fe is 0.963 and 0.998, respectively. This
deﬁnition of escape correction factor is valid only when the escape through the
sides and the rear of the crystal are negligible.
The collimation correction factor fc
This correction factor is introduced by the collimation of the detector solid
angle to reduce the Doppler broadening. This limits the detector entrance
window to less than the radius of the sensitive volume of the crystal. It ac-
counts for attenuation in the collimator and the sensitivity of the volume under
the collimator. The collimation correction factor can be calculated using the
relation:
fc = 1 +
G′
G
e
−µcxc (4.21)
where xc is the collimator thickness,  c is the attenuation coeﬃcient of the
collimator material and G is the geometric factor. The primed quantity refers
to the sensitive volume under the collimator, and all other correction factors
are assumed to be the same as for the uncollimated region.4.2: Detection Eﬃciency of the x-ray detectors 59
Table 4.5: Detector geometry and collimator parameters (all values are in mm).
Angle Diameter Slit width Slit thickness Distance to target ∆Ω
4π
35◦ 44 4 10 360 1.08 × 10−4
60◦ 50 3 7 420 6.77 × 10−5
90◦ 25 4 5 500 3.18 × 10−5
120◦ 25 3 5 500 2.39 × 10−5
150◦ 25 10 5 320 1.94 × 10−4
For the present measurements, the collimator was made out of lead having
diﬀerent slit thicknesses and widths. The geometrical parameters of the colli-
mators used for the germanium detectors are listed in the table 4.5. For the
energy range of interest (13 keV ≤ E ≤ 100 keV ) the attenuation coeﬃcient
for lead is given by:
 Pb(E) = 2.19 ∗ 10
6 ∗ E
−2.577cm
−1. (4.22)
4.2.3 Model calculation and discussion
Using the previous considerations and the derived formulae, the detection ef-
ﬁciency of the germanium detectors used in the experiment was calculated for
photon energies between 13 keV and 100 keV . By using the software package
”MATHEMATICA 5.0” [84], the simulation of the detection eﬃciency have
been done and the results of this calculation are presented in the ﬁgure 4.5.
This procedure allowed to extrapolate the eﬃciency curves to regions above
100 keV . The detection eﬃciencies of the detectors used, in the energy ranges
of interest, are varying between 80% and 90%. This estimation does not in-
clude the absorption in the beryllium window of the target chamber, and in
the layer of air between chamber window and the detector window (∼ 5 mm).60 Chapter4: Data Analysis
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Figure 4.5: Absolute detector eﬃciency versus photon energy for the germanium detectors
used in the present work and placed at: at 35◦ (A), 60◦ (B), and 90◦, 120◦ and 150◦ (C).4.3: The Simultaneous Excitation and Ionization process 61
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Figure 4.6: X-ray energy spectrum as observed by the germanium detector at 35◦.
4.3 The Simultaneous Excitation and Ioniza-
tion process
The simultaneous ionization and excitation of the He-like system into nlj states
can be identiﬁed through the observation of ground state x-ray emission Lyα
in coincidence with up-charged (H-like) projectiles. Using the coincidence
technique, it is possible to measure the transition intensities to deduce the
intensity ratio Lyα1/Lyα2.
Figure 4.6 shows an x-ray spectrum recorded for initially He-like uranium
ions colliding with xenon target atoms at the energy of 220 MeV/u. The
spectrum was recorded by using the germanium detector located at 35◦ in
coincidence with the up-charged ions (U91+). In this spectrum, two groups of
lines have been identiﬁed. In the low-energy region, the strong Xe-transition62 Chapter4: Data Analysis
Table 4.6: Energies of the x-ray emission lines from Xe and Pb (all values are in keV )
[85].
Element (2p3
2 → 2s1
2)Kα1 (2p1
2 → 2s1
2)Kα2 (3p3
2 → 2s1
2)Kβ1
Theory Xe 29.78 29.458 33.62
Pb 74.97 72.80 84.94
Experiment Xe 30.01 − 34.00
Pb 75.04 72.83 85.00
lines are visible. The presence of these lines is due to the ionization of the Xe-
target by the projectile during the collisions. The values of the Xe-transition
energies Kα and Kβ are listed in the table 4.6. In the high-energy part of the
spectrum four diﬀerent transition lines belonging to the uranium projectile are
present. These transition lines give information about the diﬀerent collision
processes leading to the projectile x-ray emission.
In order to disentangle the contributions from the diﬀerent collision pro-
cesses, the coincidence time spectrum recorded simultaneously with the energy
spectrum was used (see ﬁgure 4.7). The ”prompt” peak denotes the true co-
incidence between photons and up-charged H-like uranium ions. The regions
labeled ”random” is created by photons originating from diﬀerent beam pulses
and cosmic rays. As seen in the ﬁgure, the spectrum shows two prompt peaks.
The ﬁrst narrow peak contains the Lyα line (L-shell to K-shell transitions)
in the H-like uranium ions, whereas the second, broad peak arises from the
emission in the Xe target atoms.
Starting from the original energy spectrum (ﬁgure 4.6) and selecting from
the time spectrum represented in ﬁgure 4.7, only the true events contained in
the ﬁrst prompt peak, a new energy spectrum can be generated (see ﬁgure 4.8).
In the new spectrum, the projectile contribution is reduced mainly to the Lyα
transitions. However, the two lines belonging to the projectile ions still present
small contribution with diﬀerent energies (the red marked part of the spectrum
in ﬁgure 4.8). This contribution was completely eliminated by subtracting
from the time spectrum the random contribution. In addition, to reduce the
background photons and produce a clean ground state x-ray energy spectrum,4.3: The Simultaneous Excitation and Ionization process 63
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Figure 4.9: X-ray energy spectra, for 220 MeV/u U90+ ions colliding with Xe gas target,
as observed by the germanium detector at 35◦.
diﬀerent possibilities in the data analysis have been used; applying condition
on the coincidence spectrum to produce new energy spectrum and vice versa.
Using this technique, the background photons in the x-ray spectra disappear
and a clean spectrum is produced. By applying proper energy windows on the
Lyα transitions, a new plot of coincidence time spectrum is produced (see the
blue spectrum in the ﬁgure 4.7).
The clean energy spectrum corresponding to the coincidence with the H-like
uranium ions is shown in ﬁgure 4.9a. In order to separate the projectile Kα
transitions from the Lyα lines, the spectrum represented in ﬁgure 4.9a was
subtracted from that in ﬁgure 4.6. The result of this technique is shown in
ﬁgure 4.9b. After the disentanglement, the energy spectra have been corrected
for the Doppler shift (see section 4.1) and the detection eﬃciency (see section
4.2).4.3: The Simultaneous Excitation and Ionization process 65
Table 4.7: Gaussian ﬁt parameters for the Lyα transitions detected at 35◦ in coincidence
with the U91+ ions (all values are in keV).
Transition line Angle a0 a1 a2 Peak area
Lyα1 35◦ 64.7 102.17 0.76 2485
60◦ 38.7 102.16 0.71 1511
90◦ 27.1 102.11 0.55 1200
120◦ 15.2 102.17 0.55 507
150◦ 18.2 102.18 0.23 490
Lyα2 35◦ 148.4 97.63 0.74 5520
60◦ 88.2 97.64 0.70 3414
90◦ 63.1 97.68 0.51 2727
120◦ 35.2 97.62 0.55 1253
150◦ 46.3 97.60 0.22 1300
For completeness, to cover the study of the angular distributions for the
simultaneous ionization and excitation process, the spectra recorded by the
detectors located at all diﬀerent observation angles were analyzed in a similar
way. Figure 4.10 shows the well resolved and emission lines due to ground-
state electron excitation into the L-shell projectile states. It is interesting to
note the signiﬁcant change in the relative intensities of Lyα1 and Lyα2 lines
with respect to the Kα1 and Kα2 lines.
Finally, the separated spectra have been ﬁtted using a Gaussian-Amplitude
function:
y = a0e
− 1
2(
x−a1
a2
)2
(4.23)
where a0 (amplitude), a1 (center) and a2 (width) are the ﬁtting parameters.
For Lyα transitions, the ﬁtting parameters are listed in the table 4.7.66 Chapter4: Data Analysis
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Figure 4.10: The x-ray spectra recorded at 60◦, 90◦, 120◦ and 150◦ for initially He-like
uranium ions colliding with Xe gas-target atoms at an energy of 220 MeV/u. The Kα
transitions are connected to single excitation and the Lyα lines were recorded in coincidence
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4.4 Single Excitation of He-like uranium ions
In order to study the population mechanism for the excited states of He-like
uranium ions, another measurement was done by using nitrogen gas-target.
The excitation process can be identiﬁed by extracting the intensity ratios of
the Kα transitions (Kα1/Kα2).
For 220 MeV/u U90+ → N2 collisions, the x-ray spectra recorded without
coincidence requirements on the projectile charge states, at diﬀerent observa-
tion angles 35◦, 60◦, 90◦, 120◦ and 150◦, are shown in ﬁgure 4.11a. The germa-
nium detectors were covered with a lead shielding to reduce the surrounding
background. The strong background radiation ionized the K-shell electrons of
the lead atoms, resulting in ﬂuorescence radiation of energies around 74 keV
(Pb-Kα) and 85 keV (Pb-Kβ)(see the table 4.1), which were detected in the x-
ray spectra (see ﬁgure 4.11a). Due to the Doppler shift, the uranium transition
lines are detected in the laboratory system at diﬀerent energies starting with
157 keV (Kα) at 35◦ down to 54 keV at 150◦. For 90◦, the uranium Kα lines
are contaminated by the Pb-Kα lines which makes the separation diﬃcult.
In ﬁgure 4.11b, the corresponding x-ray spectra associated with electron
capture are also shown. In particular, strong x-ray transition lines in the
low-energy region are present. These lines indicate the transitions from the
higher levels of Li-like uranium ions into the L-shell (n = 2). The group of
transitions detected at high energies is associated to the direct electron capture
into n = 2,3,...,etc. From this group, the most probable transition, the L-
REC, indicates a high probability for the direct capture into n = 2. Due to
the ﬁlled K-shell, no Kα emission is visible within these spectra. The presence
of Kα transition indicates a strong probability for the single excitation process
in U90+ → N2 collisions.68 Chapter4: Data Analysis
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Figure 4.11: Projectile X-ray spectra for 220 MeV/u U90+ → N2 collision measured (a)
without coincidence requirement (total emission spectra), (b) in coincidence with down-
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4.5 Analysis of the REC spectra
To extend the present study to the photon angular distribution in the direct
electron capture into the projectile K-shell process (K-REC), the initial pro-
jectile charge state was changed to H-like uranium ions. In this case, it was
possible to resolve the main transition lines Kα and Lyα. The energy of the
REC photons is given by the sum of the electron binding energy (Eb) and
the kinetic energy of the free electron in the projectile frame (EKIN). In the
present experiment the electron kinetic energy EKIN amounts to 120.6 keV .
For the REC transitions into the 1s ground state of hydrogen like uranium
(E1s ≈ 130 keV ), the K-REC peak is found in the high-energy part of the
spectrum, at a photon energy of around 250 keV (see the table 4.2). REC into
excited states leads partially, via cascades, to the well-resolved Kα1 and Kα2
transitions.70 Chapter4: Data Analysis
Figure 4.12 shows an x-ray spectrum registered by the germanium detec-
tor placed at an observation angle of 35◦ for the projectile incident energy of
220 MeV/u. This spectrum was accumulated without coincidence conditions
with the projectile charge state. The recorded spectra exhibit a complex struc-
ture, due to diﬀerent atomic processes. The most important contributions are
the Kα and Lyα lines.
By selecting coincident events from the coincidence time spectrum between
photons and down-charged He-like uranium ions, the x-ray spectra proﬁles
change. The x-ray spectrum corresponding to the electron capture from the
N2 molecules into the H-like uranium ions is represented in ﬁgure 4.13. In
this spectrum, the main contributions are the Kα1 and Kα2 transitions, but
also transitions due to the direct capture into n = 1,2,3,... states can be
observed. The corresponding coincidence time spectrum is presented in ﬁgure
4.14 where diﬀerent contributions to the capture process have been indicated.
To discriminate between diﬀerent transitions in the H-like ion, which provide
direct information about the population yields of the projectile levels via the
excitation process, the ”anti-coincidence” technique was used. This procedure
is demonstrated in the case of the x-ray spectrum detected at 35◦ (ﬁgure 4.12).
The region of interest, containing the Kα and Lyα lines, was selected and
separately represented in ﬁgure 4.15a. Using the coincidence with He-like
uranium ions, the contribution of the capture process (see ﬁgure 4.15b) can
be closely selected from the integral spectrum shown in ﬁgure 4.15a. The plot
represented in ﬁgure 4.15c, obtained as a diﬀerence between the single and
coincidence spectrum, represents the x-rays originating in the ground state
excitation process for the H-like uranium ions.
For completeness, also the x-ray spectra detected at 60◦, 90◦, 120◦ and 150◦
were analyzed in a similar way. Figure 4.16 represents the x-ray spectrum
accumulated by the detector placed at 120◦. The spectrum is entirely dom-
inated by REC into the ground and excited states of the projectile. Due to
the partially blocked K-shell of the projectiles, the yield of K- and L-REC
photons is comparable.4.5: Analysis of the REC spectra 71
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Results and Discussion
5.1 K-shell Excitation of He-like Uranium Ions
He-like ions are the simplest atomic many-body systems. The investigations of
the atomic structure of He-like ions probe the understanding of the interplay of
relativistic eﬀects on the dynamics of the simple atomic few-electron systems.
The formation of excited states of He-like uranium ions can be studied by the
the observation of the radiative decay of the excited levels to the ground state
(see ﬁgure 2.10). This study can be done via diﬀerent processes which give
information about the population mechanism of the excited L-shell levels.
The Coulomb excitation is a production process of characteristic projectile
photons of high-Z ions interacting with light target atoms. Information about
the K-shell excitation of He-like uranium ions can be obtained from the study
of the angular distribution of the photons associated with the Coulomb excita-
tion process. The experimental data obtained for the direct K-shell excitation
of He-like uranium ions, colliding with nitrogen gas-target at a beam energy
of 220 MeV/u, are plotted in ﬁgure 5.1. As can be seen in the ﬁgure 5.1, the
behavior of the Kα1/Kα2 intensity ratio is similar to that of a pure electric
dipole (E1) contribution, namely, [1s1/2,2p3/2] 1P1 and [1s1/2,2p1/2] 3P1 levels
for Kα1 and Kα2 transitions, respectively. This suggests that the single exci-
tation process is a highly selective mechanism for the population of 1P1 state
in the He-like uranium ions.
7576 Chapter5: Results and Discussion
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Figure 5.1: Angular distribution of the Kα1/Kα2 intensity ratio, in the laboratory frame,
as observed for K-shell excitation of He-like uranium ions colliding with N2 gas target. The
solid line depict the ﬁt result to the experimental data using the equation 2.31.
Using the experimental angular distribution of the Kα1/Kα2 intensity ratio,
represented in the ﬁgure 5.1, it is possible to extract the value of anisotropy
parameter β20. The value of the anisotropy parameter β20 was deduced by a
least square ﬁt of equation 2.31 to the experimental data including all required
relativistic transformations. The experimental value of anisotropy parameter
obtained from this ﬁt was found to be β
exp
20 = −0.20 ± 0.03.5.2: Electron Capture into H-like Uranium Ions 77
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Figure 5.2: Angular distribution of the Kα1/Kα2 intensity ratio as a function of the
observation angle. The experimental data for 220 MeV/u U91+ → N2 [55].
5.2 Electron Capture into H-like Uranium Ions
5.2.1 Kα1/Kα2 Intensity Ratio for REC into U91+
While for He-like uranium ions the observation of X-ray transition to the
ground state of projectile is a direct signature of the ground state electron
excitation, for H-like uranium ions an additional mechanism for the projectile
x-rays produced should be considered. That is the radiative electron capture
which may directly lead to the emission of the projectile Kα transitions. The
experimental results obtained in the present work for the electron capture into
initially H-like uranium ions, in collisions with nitrogen gas target at the same
incident energy of 220 MeV/u, is shown in ﬁgure 5.2. As long as the 1P1 (E1)78 Chapter5: Results and Discussion
and 3P2 (M2) levels are not experimentally resolved, their superposition (Kα1)
exhibit an isotropic behavior even if the individual components of this line are
strongly anisotropic. The experimental proof of this behavior agrees reason-
ably well with the theoretical calculation based on the Multi-conﬁguration
Dirac-Fock (MCDF) approach [53, 55]. The experimental results conﬁrm the
theoretical treatment of the two-step capture and decay process which have
been considered to describe the formation of the excited states.
5.2.2 Lyα1/Lyα2 Intensity Ratio for REC into U91+
As discussed in detail in Ref. [19] the Lyα2 transition, arising from the decay
of the 2p1/2 → 2s1/2, shows an isotropic emission pattern. Consequently, it
provides an ideal tool to measure a possible anisotropy of the Lyα1 and Kα
transitions.
For the collisions of the initially H-like uranium ions with nitrogen gas-
target at 220 MeV/u, the experimental results in the present work for the
emission pattern of the Lyα1, Kα1 and Kα2 transitions are shown in ﬁgure 5.3.
These transitions are normalized to the Lyα2 line. As seen from the ﬁgure 5.3,
no alignment is observed in all cases. For the case of the excitation of H-like
uranium ions, the behavior of the Lyα1 (2p3/2 → 2s1/2) transition agrees with
the theoretical predictions for the Coulomb excitation in one-electron system
[86]. In contrast to populating excited states of H-like uranium ions by electron
excitation, the angular distribution of the Lyα1 transition produced by REC
has been previously studied and found to be anisotropic. The anisotropy of the
Lyα1 transition has been investigated over a large energy range from 90 MeV/u
to 300 MeV/u for electron capture into bare uranium ions colliding with N2
[56, 87]. The previous experimental data were compared with the predicted
results made by Surzhykov et al. [56] and a good agreement over the whole
energy region was found.
For the Kα1 transition caused by electron capture into initially H-like ura-
nium ions, the Kα1/Lyα2 intensity ratio in the ﬁgure 5.3 shows within the
experimental uncertainties an isotropic behavior (see straight line). The prac-
tically isotropic distribution displayed in this case, is in a clear contrast to the
strong anisotropy found for the initially bare uranium ion case [87].5.2: Electron Capture into H-like Uranium Ions 79
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In addition, the diﬀerence in the formation of the excited states in He-like
uranium ions is also observed (for comparison see ﬁgures 5.1 and 5.3). In both
cases the Kα1 transition is produced, in one case by single excitation (ﬁgure
5.1) and in the other case by electron capture (ﬁgure 5.3). In ﬁgure 5.1, the
angular distribution indicates that only the 1P1 level contributes to the Kα1
transition. In ﬁgure 5.3, it is interesting to note the incoherent addition of the
1P1 (E1) and 3P2 (M2) components of the Kα1 transition yields to an almost
isotropic emission.80 Chapter5: Results and Discussion
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Figure 5.4: K-REC diﬀerential cross section for 220 MeV/u U91+ colliding with N2 gas
target as a function of the observation angle. The solid line refers to the complete relativistic
calculations [18, 48].
5.2.3 Diﬀerential K-REC Cross Sections
For the direct electron capture into the K-shell of the H-like uranium ions
measured at the same projectile energy, 220 MeV/u, impinging upon N2 tar-
get, the angle-diﬀerential cross section shows a dependence on the observation
angle which deviates from the non-relativistic theoretical prediction (sin2θlab-
dependence). The full relativistic calculation, performed using the model pro-
posed by Eichler and Ichihara [18] and improved by Fritzsche [48], shows a good5.2: Electron Capture into H-like Uranium Ions 81
reproduction of the measured experimental data. This comparison is shown
in the ﬁgure 5.4: The solid line represents the full relativistic calculation, the
dashed-dot line refers to the non-relativistic prediction (sin2θlab-distribution)
and the full squares are the experimental points measured in the present work.
In order to facilitate a comparison of experimental and theoretical cross section,
the data were normalized to the theoretical prediction at 900. The percentage
error of the experimental data from the relativistic predictions as represented
in the ﬁgure 5.4 bottom, ([
dσ
dΩ]exp −[
dσ
dΩ]theor)/[
dσ
dΩ]theor, is as high as 20 % espe-
cially at the forward angles. Also, due to the Lorentz transformation from the
emitter frame to the laboratory frame, both the experimental data and the
theoretical calculation, became almost symmetric around 900. The increase in
the diﬀerential cross section of the K-REC into the H-like uranium ions can be
accounted for by considering the occurrence of the magnetic transitions due to
the electron spin-ﬂip. Therefore, the measurement of the K-REC transition at
small angles, down to 00, provides an unambiguous identiﬁcation of spin-ﬂip
transitions occurring in relativistic ion-atom collisions.
In the ﬁgure 5.5, the deviation of the experimental diﬀerential cross section
for the K-REC transition in 88 MeV/u bare uranium ions (solid circles) [88],
307 MeV/u bare uranium ions (open circles) and 220 MeV/u H-like uranium
ions (solid squares) from the sin2θlab-distribution are represented as a function
of the observation angle. For forward observation angles smaller than 600, a
large deviation is observed. The value of the deviation seems to be strongly
dependent on the projectile energy; higher the projectile energy, higher the
measured cross section values. For angles larger than 600, the energy depen-
dence is reduced.
Therefore, one can conclude that the relativistic treatment of the K-REC
transition yields provides a good approach for the spin-ﬂip transition close to
00. This originates from the magnetic ﬁeld produced by the relativistic motion
of the projectile ions. The magnetic contribution to this transition is strongly
energy-dependent.82 Chapter5: Results and Discussion
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5.3 Simultaneous ionization and excitation in
the U90+ → Xe collisions
The experimental relative cross sections for simultaneous ionization and ex-
citation into the diﬀerent total angular momentum states of the L-shell have
been directly determined from the observed yields of the Lyα1 and Lyα2 radia-
tion of the projectile. Experimental cross section ratios for excitation into the
n = 2 states of H-like uranium ions, following the collision of He-like uranium
ions at 220 MeV/u with Xe gas target, as a function of observation angles are
presented in ﬁgure 5.6.
As explained in chapter two, for the description of simultaneous excitation
and ionization process, the approximation of the individual single electron
processes was used. The ionization process was treated using the semi-classical
approximation in which the magnetic part of the interaction potential was
neglected, whereas for the case of projectile excitation, the fully relativistic
approach has been used. In this model, the magnetic part of the interaction
potential was included such that it was added coherently with the electric part
of the interaction potential. This leads to a destructive interference resulting
in a reduction of the total excitation cross section, as compared to the quasi-
relativistic approach in which the electric and magnetic parts of the interaction
potential are added incoherently. This approach seems to be well supported
by the present experimental data (see ﬁgure 5.6).
Using the experimental angular distribution of the Lyα1 transition (see ﬁg-
ure 5.6), it is possible to investigate the impact parameter characteristics of
the simultaneous ionization and excitation process. This investigation can be
done by the value of the alignment parameter A20. The value of the alignment
parameter A20 was deduced by a least square ﬁt of equation 2.31 to the ex-
perimental data including all required relativistic transformations. The best
ﬁt to the experimental data for the yield ratio Lyα1 is shown in the ﬁgure 5.6.
From the Lyα1 transition following the excitation of one K-shell electron of
the initially He-like ions, via the simultaneous ionization and excitation pro-
cess, the extracted alignment parameter value is A20 = −0.201 ± 0.03. The
experimental anisotropy parameter has large negative value which reﬂects the84 Chapter5: Results and Discussion
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The Bohr radius aki for the Uranium and Xenon atoms is shown in ﬁgure (b), where ZP
and ZT represent the atomic number for the projectile (Uranium) and the target (Xenon),
respectively.
nonstatistical population of magnetic sub-states of the 2p3/2 level.
The dependence of the alignment parameter on the collision impact param-
eter, as calculated in [39], is shown in ﬁgure 5.7a. From the dependence of the
alignment parameter A20 on the collision impact parameter b, theoretically
calculated by Ludziejewski [39] for the 2p3/2 level of uranium, it is possible to
estimate the impact parameter range for the simultaneous ionization and ex-
citation process (bexp = 810 fm). A good agreement between the experiment
and the theory in which the collision occurs only at small impact parameter.
This allows for conclusion that the experimental results conﬁrm the theoreti-
cal predictions for the validity of ﬁrst-order perturbation theory at relativistic
energies.86 Chapter5: Results and Discussion
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A comparison of the cross section ratios for the simultaneous excitation and
ionization of He-like uranium ions colliding with Argon, Krypton and Xenon
gas targets, at an incident energy of 220 MeV/u, is shown in the ﬁgure 5.8. For
all these gas targets, the experimental results are in a good agreement with the
theory. For the case of the xenon gas target used in the present work (full cir-
cle), the result has an accuracy of 2.3 %, better than the previous experiments
where, due to a poor counting statistics the accuracy was 20 % [39]. For the
case of Ar and Kr gas targets (full squares), the previously obtained accuracies
are 7 % and 5 %, respectively. However, for all targets considered, it can be
concluded that the good agreement between the experiment and the theory is
due to the validity of the ﬁrst-order perturbation theory for this energy-target5.3: Simultaneous ionization and excitation in the U90+ → Xe collisions 87
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Figure 5.9: The intensities of Kα1 (down-triangles) and Kα2 (up-triangles) normalized to
the Lyα2 line, for the U90+ (220 MeV/u) → Xe collisions, as a function of the observation
angle.
atomic number regime.
The experimental angular dependence of the Kα transitions for the excita-
tion of the He-like uranium ions is shown in the ﬁgure 5.9. Considering the
population of the n = 2 state by the direct electron excitation mechanism in
He-like uranium ions, for the Kα1 transition, a value of −0.036±0.015 for the
alignment parameter A20 was obtained. This agrees with the theoretical align-
ment parameter which has a small negative value (−0.034) [39]. This indicates
that almost no alignment is observed and therefore the magnetic sub-states are
statistically populated. As seen from the angular distribution of the emitted
photons from the diﬀerent transitions permit to obtain the information about
the population mechanism of the decay levels by diﬀerent excitation processes.Chapter 6
Summary and Outlook
This work reports on the study of the projectile x-ray emission in relativistic
ion-atom collisions. Excitation of K-shell in He-like uranium ions, electron
capture into H-like uranium ions and Simultaneous ionization and excitation
of initially He-like uranium ions have been studied using the experimental
storage ring at GSI.
Information about the population of the excited states for the H- and He-
like uranium ions, can be obtained by measuring the angular distribution of
the decay radiation. Since the Lyα2 transition is isotropic, the intensities of the
Lyα1 and Kα transitions were normalized to the Lyα2 line. For the Kα1 and
Kα2 transitions originating from the excitation of the He-like uranium ions,
no alignment was observed (see ﬁgure 5.9). In contrast, the Lyα1 radiation
from the simultaneous ionization-excitation process of the He-like uranium
ions shows a clear alignment (see ﬁgure 5.6). It is shown that the alignment
of Lyα1 was obtained by the Alignment parameter A20 which was found to be
−0.201 ± 0.03. The experimental value leads to the inclusion of a magnetic
term in the interaction potential. It is interesting to note that in the case
of the Lyα1 emission the small M2 contribution added coherently to the E1
transition amplitudes enhances the anisotropy.
The capture process of target electrons into the highly-charged heavy ions
was studied using H-like uranium ions at an incident energy of 220 MeV/u,
impinging on N2 gas-target. It was shown that, the strongly aligned elec-
trons captured in 2p3/2 level will couple with the available 1s1/2 electron which
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shows no initial directional preference. The magnetic sub-state population of
the 2p3/2 electron will be redistributed according to the coupling rules to the
magnetic sub-states of the relevant two-electron states. Consequently, the 1P1
and 3P2 states are corresponding to the the strongly aligned 2p3/2 state. This
leads to the large anisotropy in the corresponding individual ground state tran-
sitions contributing to the Kα1 emission (see ﬁgure 2.11). Due to the fact that
the 1P1 → 1S0 and 3P2 → 1S0 transitions are experimentally not resolved,
a more detailed analysis of the angular dependence of the Kα1 radiation is
required. From the Kα1/Kα2 ratio (see ﬁgure 5.2), the current results show
that the incoherent addition of the E1 and M2 transition components yield
to an almost isotropic emission of the total Kα1. In contrast to the radiative
electron capture, the experimental results for the K-shell single excitation of
He-like uranium ions indicate that only the 1P1 level contributes to the Kα1
transition (see ﬁgure 5.1). For this case, the anisotropy parameter β20 was
found to be −0.20 ± 0.03 which is similar to that one calculated for pure E1
transition [53].
Additional information about the nature of the radiative electron capture
process at relativistic energy was obtained from the study of the angular distri-
bution of the photon emission. For the direct electron capture into K-shell, the
measured shape of the distribution deviates from the non-relativistic dipole-
approximation predictions, sin2θ-shape (see ﬁgure 5.4). This indicates the
existence of a spin-ﬂip transition occurring in relativistic ion-atom collisions,
at forward angles. The experimental observation is supported by the theoret-
ical predictions performed by Ichihara et. al [45, 46] and Fritzsche et. al [48].
On the theoretical side, the calculation of REC angular distribution has been
carried out up to energies of 10 GeV/u. To verify the validity of these predic-
tions, further experiments on the radiative electron capture in H-like uranium
ions at 500 MeV/u and 1 GeV/u are planned at the GSI.
This work also reports on the study of a two-electron process: the simul-
taneous ionization and excitation occurring in relativistic collisions of heavy
highly-charged ions with gaseous targets. The investigation was performed on
He-like uranium ions impinging upon xenon gas-target at an incident energy
of 220 MeV/u. The measurements have been performed at the ESR gas-target91
using atomic xenon with a typical area density of 1012 particles/cm2. In con-
trast to the solid state target, the use of gas target oﬀers the advantage of
clear separation of the one step two-electron process due to the fact that the
probability of two consecutive collision in such thin targets is negligible and
the double step processes can be excluded. During the process of simultane-
ous ionization and excitation in He-like uranium ions, one of the ground-state
electrons is promoted into the continuum and the other into the L-subshell
states of the projectile. To select this process, the Lyman-series (Lyα) ra-
diation has been measured at various observation angles in coincidence with
up-charged projectiles (U91+), see ﬁgure 4.9a. From the yields of the Lyα1
and Lyα2 projectile radiation, the relative cross section for the process of si-
multaneous ionization and excitation was directly determined (see ﬁgure 5.6).
The angle dependent measurement of the radiation yields provide information
about the angular distributions of the emitted radiation and permits the deter-
mination of the alignment parameter A20. This parameter gives information
on the level population and the collision impact parameter [39]. The present
results (bexp = 810 fm) show that the simultaneous ionization and excitation
is a process which occurs at small impact parameter.Chapter 7
Zusammenfassung
In der vorliegenden Arbeit wurde die R¨ ontgen-Strahlung von H- und He-
artigen Uranionen (U91+ and U90+) in relativistischen Ion-Atom-St¨ oßen mit
dem Ziel untersucht, den Einﬂuss relativistischer Eﬀekte auf die Struktur ein-
facher Mehrteilchensysteme und die Dynamik elementarer atomarer Prozesse
zu studieren. Hierbei wird die große Feinstrukturaufspaltung, wie sie in diesen
sehr schweren Ionen vorliegt, ausgenutzt (L-Schale von Uran; ca. 4.5 keV ),
um detaillierte, zustandsspeziﬁsche Informationen ¨ uber elementare Wechsel-
wirkungsprozesse zu erhalten. Aufgrund der Aufspaltung der K-Schalen-R¨ ont-
gen¨ uberg¨ ange in ihre Feinstrukturkomponenten (Lyα1 und Lyα2 f¨ ur H-artiges
Uran; Kα1 und Kα2 f¨ ur He-artiges Uran) ist es nun m¨ oglich, selbst die Emis-
sionscharakteristik (Winkelverteilung) f¨ ur die individuellen R¨ ontgenlinien zu
vermessen. Eine m¨ ogliche Anisotropie der Strahlung ist Folge einer nicht-
statistischen Bev¨ olkerung der magnetischen Unterzust¨ ande (Alignment) und
erlaubt eine ¨ außerst pr¨ azise ¨ Uberpr¨ ufung theoretischer Modelle. Dies war
der zentrale Gegenstand meiner durchgef¨ uhrten experimentellen Studien. Im
Konkreten wurden hierzu Experimente f¨ ur die folgende Prozesse durchgef¨ uhrt:
Elektronentransfer vom Target in das Projektil, Coulomb-Anregung der K-
Schalenelektronen des Projektils wie auch K-Schalen Coulomb-Anregung bei
gleichzeitiger K-Schalenionisation sowie der direkte radiative Elektronenein-
fang in die K-Schale.
Die Experimente fanden am Gastarget des Experimentier Speicherrings
(ESR) am GSI Helmholtzzentrum f¨ ur Schwerionenforschung statt (Abb. 3.1
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und 3.6), wobei die Energie der Ionen 220 MeV/u betrug (ca. 50% Licht-
geschwindigkeit). Die Energie ergab sich aus der Forderung, dass nach dem
Durchgang der Ionenstrahlen durch eine Stripperfolie ausreichend Intensit¨ at
f¨ ur H- und He-artige Ionen garantiert sein muss. F¨ ur die verwendeten Gas-
sorten N2 und Xe wurde das Target mit nur geringen Dichten von ca. 1012
Teilchen/cm3 (Durchmesser des Gasjets: 5 mm) betrieben, um Einzelstoßbe-
dingung zu garantieren. Die nach der Wechselwirkung mit dem Target emit-
tierte Projektilstrahlung wurde mittels mehrerer an der Targetkammer aufge-
bauter Germanium Detektoren (Abbildung 3.8 und Tabelle 3.3) nachgewiesen.
Die Detektoren waren hierzu vom Vakuum des ESR durch d¨ unne Be- bzw.
Edelstahlfenster getrennt. Zudem wurde der Landungszustand der Projek-
tile nach Durchgang durch die Wechselwirkungszone des Targets analysiert
(z. B. Abbildung 4.7 und 4.9). Die hierf¨ ur eingesetzten Teilchendetektoren
erm¨ oglichten zudem den koinzidenten aber auch anti-koinzidenten Nachweis
der Projektilstrahlung mit dem Endladungszustand. Aus den so gewonnenen
Daten wurde, unter Ber¨ ucksichtigung der Nachweiseﬃzienz und der relativis-
tischen Dopplerkorrektur f¨ ur die individuellen R¨ ontgendetektoren, die relative
Ausbeute f¨ ur die charakteristische Projektilstrahlungen (feinstrukturaufgel¨ oste
L-K ¨ Uberg¨ ange) und f¨ ur den radiativen Elektroneneinfang gewonnen.
Der wesentliche Befund der Experimente ist eine ausgepr¨ agte Abh¨ angigkeit
der Winkelverteilung der Lyα1 und Kα1-Strahlung in Abh¨ angigkeitvon den un-
terschiedlichen Bev¨ olkerungsmechanismen (diese Daten wurden f¨ ur St¨ oße mit
N2 gewonnen). Auch sei hier angemerkt, dass in dieser Arbeit nur anisotrope
Verteilungen nachgewiesen wurden, die durch einem negativen Alignment Pa-
rameter beschrieben werden. D.h. falls es in solch hochenergetischen St¨ oßen zu
einer nicht-statistischen Besetzung der magnetischen Unterzust¨ ande kommt,
so werden grunds¨ atzliche die Zust¨ ande mit kleinen absoluten magnetischen
Quantenzahlen bevorzugt bev¨ olkert.
Im Folgenden seien die gewonnenen experimentellen Resultate zur Emis-
sion von charakteristischer K-Strahlung, die f¨ ur die Ein-Elektronenprozesse
(Eingang und Anregung) gewonnen wurden, zusammengefasst:
• Elektroneneinfang in nacktes Uran (Zerfall von Zust¨ anden im H-artigem
Uran): Starke Anisotropie der Lyα1/Lyα2 (dieses Ergebnis wurde bereits95
in fr¨ uheren Arbeiten der Arbeitsgruppe gefunden). Hier sei angemerkt,
dass die Lyα2 (2s1/2,2p1/2 → 1s1/2) Strahlung per Deﬁnition isotrope ist.
• Elektroneneinfang in H-artiges Uran (Zerfall von Zust¨ anden im He-artigem
Uran): Isotrope Winkelverteilung des Kα1/Kα2-Verh¨ altnisses innerhalb
der experimentellen Meßgenauigkeit.
• K-Schalen Coulomb-Anregung von H-artigem Uran (Zerfall von Zust¨ anden
im H-artigem Uran): Isotrope Winkelverteilung des Lyα1/Lyα2-Verh¨ alt-
nisses.
• K-Schalen Coulomb-Anregung von He-artigem Uran (Zerfall von Zust¨ anden
im He-artigem Uran): Starke-Anisotropie der Winkelverteilung des Kα1/Kα2-
Verh¨ altnisses.
Oﬀensichtlich weisen diese Befunde darauf hin, dass sowohl f¨ ur den Elek-
troneneinfang wie auch f¨ ur die Anregung, die Anwesenheit eines weiteren Elek-
trons (H-artig im Fall des Einfangs, He-artig im Fall der Anregung) einen
entscheidenden Einﬂuss auf die Emissionscharakteristik hat. Tats¨ achlich kon-
nten f¨ ur den Fall des Elektroneneinfangs die gefundenen Resultate durch neueste
theoretische Arbeiten von Surzhykov et al. erkl¨ art werden. Hierbei ist es
wesentlich darauf hinzuweisen, dass sich im Falle der Kα1 Strahlung zwei
R¨ ontgen¨ uberg¨ ange ¨ uberlagern ([1s1/2,2p1/2] 1P1 und [1s1/2,2p3/2] 3P2). Diese
k¨ onnen experimentell nicht aufgel¨ ost werden. Die theoretische Behandlung
zeigt nun, dass beide Zust¨ ande nahezu mit gleicher St¨ arke besetzt werden,
jedoch der Zerfall des 3P2 Zustands durch eine Winkelverteilung beschrieben
wird (M2-Strahlung), die invers zu der des 1P1 ist (E1-Strahlung). Dies be-
deutet, dass w¨ ahrend der 1P1 im Emittersystem ein Maximum unter 90 Grad
aufweist, zeigt hier die Verteilung des 3P2 Zustands ein Minimum. Somit
kommt es so zuf¨ allig zu der beobachteten Isotropie der Kα1 Strahlung und des
Kα1/Kα2 Verh¨ altnisses.
Diese Erkenntnisse werfen auch ein neues Licht auf die f¨ ur den Prozess
der Anregung gewonnen Daten. F¨ ur die H-artigen Ionen liegen bereits the-
oretische Beschreibungen vor, die in der Tat im Einklang mit den gemessen
Daten stehen. F¨ ur die Anregung He-artiger Ionen existiert jedoch bislang keine96 Chapter7: Zusammenfassung
ad¨ aquate theoretische Beschreibung. Jedoch deuten die experimentellen Be-
funde darauf hin, dass der Prozess der Coulomb-Anregung ein sehr zustands-
selektiver Prozeß ist und hierdurch nur der 1P1 bev¨ olkert werden kann. Dieser
kann direkt durch Dipolanregung erreicht werden, w¨ ahrend die Anregung des
3P2 Niveaus einen Spinﬂip erfordert. Selbst f¨ ur den hier vorliegenden Fall von
Uran als Projektil und der moderaten relativistischen Stoßgeschwindigkeit,
ist die Wahrscheinlichkeit f¨ ur solche Anregungsmoden sehr gering. In der
Tat stimmt auch die Form der gemessenen Winkelverteilung sehr gut mit die
Annahme ¨ uberein, dass wir es hier nur mit der Besetzung des 1P1 zu tun
haben. Trotzdem ist es nicht gekl¨ art, warum f¨ ur H-artiges Uran die Anre-
gung des 2p3/2 Zustands zu einer isotropen Winkelverteilung f¨ uhrt, w¨ ahrend
die Winkelverteilung als Folge der Anregung in das 1P1 Niveau im He-artigen
Uran eine starke Anisotropie aufweist. Die Kl¨ arung dieses Befunds erfordert
eingehende theoretische Untersuchungen.
Zudem wurde im Rahmen dieser Arbeit auch der Zweielektronen-Prozess
der Anregung bei gleichzeitiger Ionisation f¨ ur den Fall von He-¨ ahnlichem Uran
untersucht (ein Prozess zweiter Ordnung). Die Messungen wurden erneut bei
220 MeV/u aber in Kombination mit einem Xe-Gastarget durchgef¨ uhrt. Bei
der Coulomb-Anregung bei simultaner Ionisation wird ein Elektron in das
Kontinuum ionisiert w¨ ahrend das Andere gleichzeitig in einen angeregten Zu-
stand angehoben wird. Die hier vorgenommene Interpretation dieses Eﬀek-
tes beruht auf der Annahme, dass beide Prozesse zwar gleichzeitig aber un-
abh¨ angig voneinander stattﬁnden. Zur Interpretation wurden deshalb beide
Prozesse im Rahmen der semiklassischen N¨ aherung berechnet (SCA). Hier-
durch lassen sich sowohl Ionisation wie auch Anregung unter Annahme klas-
sischer Trajektorien und unter Verwendung relativistischer Wellenfunktionen
beschreiben. Qualitativ zeigen bereits diese Rechnungen, dass dieser Prozess
insbesondere sensitiv auf kleine Stoßparameter ist.
Das gemessene Resultat f¨ ur das Alignment der Lyα1-Strahlung beﬁndet
sich in qualitativer ¨ Ubereinstimmung mit der theoretischen N¨ aherung. Ins-
besondere zeigt die Dominanz der Lyα2 Strahlung, dass in der Tat die Anre-
gung in s-Zust¨ ande ¨ uberwiegt, d.h. bei kleinen Stoßparametern dominiert die
Monopolanregung, was sich auch im Einklang mit dem theoretischen Model97
beﬁndet.
Schließlich wurde auch der Prozeß des strahlenden Elektroneneinfangs (REC)
untersucht, der vor allem zum Konsistenztest f¨ ur die bereits diskutierten Daten
dient. Zu diesem Prozeß liegen bereits viele Daten aus fr¨ uheren Messungen
der Arbeitsgruppe vor. In Bezug auf die Winkelverteilung f¨ ur diesen Prozeß
ist zu vermerken, dass im Rahmen der nichtrelativistschen N¨ aherung aber
unter Ber¨ ucksichtigung aller Multipolordnungen (Retardierung) es zu einer
vollst¨ andigen, gegenseitigen Aufhebung der Retardierung und der Lorentz-
Transformation kommt und die sin2θ-Abh¨ angigkeit, wie man sie im Rah-
men der nichtrelativistischen Dipoln¨ aherung erwartet, erhalten bleibt. Somit
sind Abweichungen von der sin2θ-Abh¨ angigkeit ein Maß f¨ ur relativistische Ef-
fekte, also insbesondere f¨ ur die Kopplung des magnetischen Moments des Elek-
trons mit dem dynamischen elektromagnetischen Feld des Projektils. D.h.
hier treten magnetische ¨ Uberg¨ angen auf. In der Tat zeigen auch die hier
nachgewiesenen winkeldiﬀerenziellen Wirkungsquerschnitte f¨ ur den REC in
die K-Schale eine Winkelabh¨ angigkeit, die von der nicht-relativistischen theo-
retischen Vorhersage abweicht (Abb. 5.4). Vollrelativistische Rechnungen von
Eichler und Ichihara [18] sowie von Fritzsche [48] zeigen eine gute ¨ Ubere-
instimmung mit den in dieser Arbeit gewonnenen Daten. Der Anstieg des
K-REC Wirkungsquerschnitts bei kleinen Emissionswinkeln kann durch die
Ber¨ ucksichtigung magnetischer ¨ Ubergange erkl¨ art werden. Die Schlussfol-
gerung dieser Interpretation ist, dass durch Messung des K-REC ¨ Ubergangs
bei kleinen Beobachtungswinkeln, nahe Null, eindeutig auf den Beitrag mag-
netischer ¨ Uberg¨ ange zum Prozess des REC geschlossen werden kann.List of Figures
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